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Chapter I 
General Introduction 
Summary 
In this chapter the subject of the thesis is introduced After a brief treatment of the history 
and the most important properties of the substance 'lactose', a program for the present in-
vestigation is given 
1 Introduction 
Lactose is a natural sugar, which is found almost exclusively in milk Cow 
milk contains about 4 6% lactose, corresponding to about 38% of its dry 
matter Lactose is manufactured from whey, the residual liquid of the cheese 
production, about 75% of the whey solids consists of lactose 
Nowadays most papers about the properties of lactose are published in 
the dairy literature The pharmaceutical literature also has many data about 
lactose because of its use for tablettings purposes and in other specialties. 
Review articles have been published by Whittier (1), Clamp et al (2) and 
Walstra & Jenness (3) 
1 1 History 
Lactose has a history of exactly 350 years A profound investigation by 
Funck (4) has demonstrated that the first description of an 'essential salt 
without nitrogen' appeared in Bologna (Italy) in 1633 (5), see Fig 1 and 2. 
The author, Fabntio Bertoletti (Bartolettus), obtained the more or less pure 
substance from whey, probably on account of its sweetish taste he gave it 
the biblical name 'manna'. 
A more sophisticated preparation was published in 1688 in Frankfurt (M) 
by Michael Etmuller (6), who punfied the crude product obtained from 
whey by rccrystallization The name 'saccharum lactis' (milk sugar) was 
given by the Venetian Ludovico Testi in 1694 (7), however, not to the pure 
sugar but to a mixture of milk sugar and milk powder Only in 1711 
Johann Pick (8) from Halle reserved the name exclusively for the pure 
product 
Lactose was profoundly examined by Scheele (9), who identified it as an 
animal sugar and by Berzehus and Berthollet (10, 11), who earned out ele-
mentary analysis The most fruitful investigator in this century was Hudson, 
who spent more than forty years of his life, carrying out work on the mole-
cular structure and the physical and chemical properties of lactose, see 
among others Ref (12-15) 
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Fig. 1. Title-page of the work of Bertoletti. 
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à quo humorarw eft diâa.confccn 
dat.maiorem cum capite rcäitudi» 
nem habet. Et fi delirium ortunu 
fitex anadrome (ànguinis roéflrui» 
vel hämorrhoidalis fuppreffi infe-
riores venst erunc refetandaì & fé· 
dales, externa: quidcm plethora_. 
i ι toto exiftente, internai autem in 
pracordijs fubfiftcntc. Cucurbitu-
Ir dorfo, cruribus, & brach: js fint 
affigenda:.Ha:c de reâo vfu · Μ δ ^ 
le«f,cuius indicas eft ггА«,& f «un 
do,non indicatum : oc eft reapfë vni 
cuuijCiim pnelèntia, & fublì (lentia 
re non difterant, QuaHtum enim, 
Siquomodo non funt indicata fe-
cundaría, fed funt quid agendum.. 
quanfuni,& quomodo, qu« i ma-
jori, vel minori indicantis primarij 
vehementja indjeantur, vtadiâtu-
litatem de redo prarfìdioruni vfu 
in palimplëfto ad Capiuacceum. 
A feâa vena^latur pbarmacum, 
quod inmitiori phrenitide futuro 
ей firaplex íenient.ln vehementio 
tì purgent miftum fumpta indica 
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teftadindicandum, quám eruditas 
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qua; occulta. 
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Inftindaritur in Β. M. per horas 
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Dofis eft ab vnc i i i}. vfque ad 
Fig. 2. (right-hand column) Preparation о 
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lum fubducit. 
In phrenitide autem atrabflit-
ria fit cordialis fyrupus aureus hoc 
modo.« 
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Mofchettarum vncias oôo. 
Santali citrini » 
Corticis citri an.drachmas tres. 
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cim.pfinde parum btilliant adder.« 
do omnia cum leni ebullitionc, & 
per manicam Hippocratis fiat co·-
îatuta. Eadem eft dofist 
Мятпл feri hare ^  Deftilla. lenì 
balneicalore ferom laftis, donee in 
fundo yafis butvracea foex fubf.» 
dear, cui harrcbit falìiia quidam 
fubftantia fubalbida. Hânc curiose 
fegrega, eít enim fai feri effentiaíej, 
feunitruro,cuius caufànitrofuîndi 
citur {èrum,huicque totaabftergév 
di vis ineft- Solue in aqua propria, 
& coagula. Opus repere,donec feri 
cremorem habeas faporeomninà 
mannam refercntem. Operaturad 
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TÌS ad vncias tres.Phrenetico propi 
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debilioià,& fanguinea purgans da-
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coniuftum, vt diaeryatum ad gra-
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/eammonìf ri fina per aquanr fri-
gidam parata vtor ad icrapulunu 
vnum cum drachmis dnabus cre-
moris 
f manna (lactose). 
1 2 Technical manufacture 
The first publications on this subject appeared at the turn of the century; 
only much later handbooks were published by Ungnade and by Kuntscher 
(16, 17). Although many patents were granted before the second world war, 
the production on industrial scale was rather modest. In most countries the 
dairy industry started the lactose production not until about 1950; this was 
favoured by the use of crude lactose in the culture medium for penicillin-
producing micro organisms. 
To our knowledge the industrial production of refined lactose was started 
in the Netherlands in the second half of the 19th century by the 'Neder-
landsche Albumine Fabriek' in Leiden. About 1898 the production was 
taken over by the 'Nederlandsche Melksuikerfabnek' in Groningen. The 
product was recommended for improvement of the digestion and for use in 
infants' food. The oldest manufacturer which still exists is the 'Hollandsche 
Melksuikerfabnek' (HMS); this company started the production in Uitgeest 
in 1897. 
In 1981 the total lactose production in the Netherlands was 104,000 ton, 
which is about 40% of the world production 
13 Use 
Almost 40% of the lactose is pharmaceutical-grade. The remaining part is 
food-grade or 'edible' lactose, of which the greater part is used in baby 
foods Other food industry applications, such as in confectionery, ice cream 
or milk substitutes e.g. coffee whiteners, have markedly increased during the 
last decades. Another application is the use in the culture medium for fer-
mentation processes in the pharmaceutical industry. Lactose is also the raw 
material for the chemical or enzymatic production of derivatives such as lac-
titol, lactulose and hydrolyzed syrup 
2 Characteristics of lactose 
2 1 Molecular structure 
Lactose or 4-0-ß-D galactopyranosyl-D-glucopyranose is a disacchande, 
which means that the molecule consists of two monosaccharide moieties: in 
this case glucose and galactose. Both exist in their pyranose form, consisting 
of five C-atoms and one O-atom. The moieties are connected with an 
O-bndge, which replaces one OH group of each moiety. There are two 
isomers: a- and /Mactose. The molecules of both compounds have identical 
galactose moieties, whereas the glucose moieties correspond with a- and ß-
glucose molecules respectively. Structures of a- and ^-lactose are given in 
Fig 3(a-b) 
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α-lactose /Mactosç 
Fig. 3 (a, b). Molecular structures of ar- and /Mactose. 
The left side presents the galactose-, the right side the glucose moiety. The 
carbonyl group of galactose is inactive, because it is involved in the bond-
ing with the glucose moiety. The aldehydic function of lactose is thus that 
of its glucose residue at carbon atom 1. Here the molecule is most reactive, 
because ring opening can occur. Moreover, the H and OH group of this 
carbon atom can change place, by which a- and yî-lactose are transformed 
into each other. This particular kind of structure isomers is called anomers. 
The chemical formula of both a- and /ï-lactose is С^НзгО,, and the molec­
ular mass is 342.31. The most important form is α-lactose monohydrate, 
which is obtained by crystallization from whey. 
2.2 Optical rotation 
A freshly prepared aqueous solution of α-lactose has a much higher optical 
rotation than a corresponding solution of the /7-anomer. Because both kinds 
of molecules are transformed into each other spontaneously, lactose solutions 
strive after a state of equilibrium, where per unit of time as many a- as ß-
molecules are transformed. A shift towards the equilibrium is accompanied 
by a change of the optical rotation; both this change and the conversion of 
one form into the other in a solution are therefore called mutarotation. 
Measurement of the optical rotation with a Polarimeter may be applied 
for determination of the β/a ratio of a substance (18-21) and for determi­
nation of the total lactose concentration (22, 23). The latter method can 
only be applied if the solution has reached its mutarotation equilibrium. 
Since it takes many hours before the equilibrium is reached at room temper­
ature, some NH4OH is added (24), by which the equilibrium is attained 
within half an hour. With this method the total lactose concentration is 
given as 
C m v
 "
 1 ( Ю
 M (i) 
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where: 
C
m V =- total lactose concentration, expressed as g per 100 ml 
[ α ^ = specific rotation for the present conditions of wave-length λ and 
temperature t 
R = rotation, measured under the same conditions 
Recent values of [(*„][ are given in literature (23). 
K
m
, the equilibrium value of the β/a ratio in aqueous solution, is only a 
function of temperature. Values of it were determined by Roetman & Buma 
(22) and vary between 1.61 at 0 °C and 1.37 at 100 °C. 
2.3 Other determinations of a-and ß-lactose 
Solid materials are mostly analyzed by gas liquid chromatography (GLC); 
see Ref. (25, 26). The carbohydrates of the sample are transformed previ-
ously into the corresponding polytrimethylsilyl compounds to make them 
sufficiently volatile. 
The determination in liquid milk products can be carried out by high per-
formance liquid chromatography (HPLC); see Ref. (27). 
With both methods no other lactose forms than a and β were found; e.g. 
open-chain lactose has never been observed. 
2.4 Solubility in water 
When a- or /Mactose is dissolved in water, the molecules immediately start 
mutarotating. Below 93.5 °C the stable equilibrium 
α hydrate (s) ^ a(aq) ^ /?(aq) 
is obtained; above this temperature the equilibrium becomes 
β (s) ^ /î(aq) ^ a(aq) 
In the former case the solution is saturated with a- and unsaturated with 
^-lactose, so the total solubility C, is governed by cIS, the solubility of a. 
Above 93.5 °C we have the opposite situation and c is is the solubility gov-
erning factor. The significance of the triple point at this temperature, which 
sometimes erroneously is called a transformation point, is given in Fig. 4 (a, 
b, c); see also Ref. (28, 29). 
Fig. 4 consists of three schematic diagrams, each corresponding to a certain 
temperature. The lines through the origin with slope l/K™ represent solu-
tions in mutarotation equilibrium. In each diagram two other lines are given, 
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Fig 4 Significance of the triple point at 93 5 °C 
(a) t < 93 S °C The point I represents a solution in mutarotation equilibrium satu 
rated with a and unsaturated with /Mactose 
(b) t > 93 5 °C The point J represents a solution in mutarotation equilibrium, satu­
rated with β- and unsaturated with a-Iactose 
(c) t — 93 S °C The points I and J coincide, here the solution is in mutarotation 
equilibrium and saturated both with a and /Mactose 
of which c^ represents the solubility of a-lactose in dependence on the β-
concentration and c^ , that of ^lactose in dependence on the a-concentra-
tion It is assumed that the solubilities of both a- and /alacióse are 
depressed to a small extent by the presence of the anomenc compound 
In Fig 4(a) the intersection point I, which is attained if an unsaturated 
solution in mutarotation equilibrium is concentrated, represents a solution 
that is both saturated with a and in mutarotation equilibrium The point I is 
situated to the left from the line c^, so its /^-concentration is in the unsatu-
rated domain Also from not too strong supersaturated solutions only ct-lac-
tose hydrate crystallizes under the conditions of Fig 4(a) This situation 
occurs at temperatures up to 93 5 "C 
In Fig 4(b) the intersection point J represents a solution in mutarotation 
equilibrium, saturated with /Mactose The α-concentration of this point is 
situated in this figure beneath the line c^, thus in the unsaturated domain 
Here from not too supersaturated solutions only /Mactose crystallizes, which 
occurs above 93 5 °C 
In Fig 4(c) the points I and J happen to coincide At this temperature 
(93 5 °C) a saturated solution in mutarotation equilibrium is saturated both 
with a- and with /Mactose and from supersaturated solutions both sugars 
may crystallize 
Owing to mutarotation the solubilities in pure water c£4" " and c^" " can­
not exactly be determined They have only theoretical importance, mostly 
the total solubility Q is employed Values of it are normally expressed as g 
anhydrous lactose per 100 g water Measured values of G. and estimated 
values of c£r" and с J"" are represented in Fig 5 
19 
—J 1 1 1 I I ' ' ' 
1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0 9 0 
С e I с 'ι u s 
Fig 5 Solubilities of a- and /¿-lactose and the total solubility up lo 90 °C. 
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The solubility of lactose in water is much lower than that of other sugars' at 
25 °C for instance that of sucrose is 207 g/100 g water and that of lactose 
(C
s
) is only 21 8 g/100 g water. 
Stable anhydrous ar-lactose (Section 2 8) is a very soluble form of a-lac­
tose Its saturated solution is supersaturated with the much less soluble a-
hydrate 
Spray-dried lactose (Section 2 8) has no defined solubility, this non-crys­
talline mixture of a- and /?-lactose is miscible with water in all proportions. 
2.5 Solubility in aqueous sucrose solutions 
Data of the system sucrose-lactose-water at various temperatures are given 
in Ref (30). Both sugars depress each others solubility in water In sweet­
ened condensed milk for instance, where the sucrose concentration is about 
170 g per 100 g water, the total lactose solubility at 25 °C is about 10.8 g 
anhydrous lactose per 100 g water, whereas at the same temperature the 
solubility in pure water is 21.8 g/100 g water. 
2 6 Morphology ofa-lactose hydrate crystals 
This substance crystallizes in the sphenoidal class of the monoclinic system, 
space group P2,. The crystal axes are of unequal length, a twofold axis of 
symmetry is present m a position normal to the plane of the other axes, 
while the angle β between the positive directions of the other axes is obtuse. 
Fig б The α-lactose hydrate crystal with its crystallographic axes 
A normal crystal is tomahawk-shaped (Fig. 6). In the neighbourhoud of the 
apex there are two curved faces; only crystals grown with very high supersa-
turations have instead of this а (ОТО) face. At the opposite side there is one 
(010) face, the other faces appear in pairs, which are crystallographically 
equivalent on account of the presence of a twofold axis parallel to the 
b-axis 
21 
2 7 Crystal growth 
An important difference with most other growth systems is the fact that a-
lactose hydrate crystals never grow from a pure environment, their growth 
medium always contains /î-lactose in a quantity of the same order of magni-
tude as the α-lactose itself Apart from this the decline of the supersatura-
tion by the uptake of α-lactose in the crystal is partly compensated by the 
mutarotation Another complicating factor is the influence of impurities a-
lactose hydrate is generally crystallized from concentrated cheese whey and 
is purified by a second crystallization from water The liquids involved con­
tain a number of growth influencing impurities as salts, acids, proteins and 
vitamins (31, 32) A third growth rate determining factor, the mass trans­
port by diffusion towards the crystal is because of the slow growth of little 
importance (33, 34) Because of these factors the practical crystallization is 
a time-consuming process, that cannot easily be controlled Owing to the 
slow growth considerable nucleation is needed for obtaining a reasonable 
yield Because of the competition between growth and nucleation the mean 
crystal size obtained is hardly predictable Most lactose manufacturers there­
fore use a simple batch cooling process Recently, however, some data were 
published concerning the employment of continuous processes (35-37) 
2 8 Preparation of other modifications from χ-lactose hydrate 
Pharmaceutical and food-grade lactose are for the greater part α-lactose hy­
drate, but contain normally 2-4 % β They are widely made on technical 
scale from whey α-lactase hydrate may be transformed into a number of 
other lactose modifications 
(i) /Mactose is produced on technical scale by drying a hot, concentrated 
lactose solution on a heated drum dryer at about ISO °C (38) A mixture of 
crystalline β and amorphous lactose is obtained with 80-90 % β Such a lac­
tose quality may be used in the pharmaceutical industry Preparation on la­
boratory scale can be earned out in a simple way with an autoclave This is 
filled as far as possible with fine powdered α-hydrate and is heated for 
about an hour at 140 "C A product is obtained with almost 100 % β 
/7-lactose can also be made by crystallization from a concentrated lactose 
solution above 93 5 "C after seeding with ^(23, 39-41) 
(π) Hygroscopic anhydrous α can be made on laboratory scale by heating 
fine powdered α-hydrate in an open dish between 110 and 125 °C The 
product contains 5 to 20 % β 
(ni) Stable anhydrous α is a non-hygroscopic powder that is very well and 
very rapidly soluble in water It can be made on laboratory scale by heating 
fine powdered α-hydrate in a covered Petri dish between 130 and 160 "C 
(42) or by shaking the same starting material with methanol for a long time 
(43) 
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(iv) Spray dried lactose is produced on technical scale from concentrated 
lactose solutions. Its composition is about the same as that of the lactose in 
the starting solution, thus about 40 % a and 60 % β. The material is amor­
phous and very hygroscopic. 
(v) Mixed crystals can be obtained by recrystallizing α-hydrate or spray 
dried lactose from methanol with 1% H 2 0 (44). The β/a ratio is about 
1: 1. 
3 Scope of the present investigation 
In the past decades much work was published on the crystal growth of a-
lactose hydrate. The experimental work concerned both mass crystallization 
and growth of monocrystals; in many cases substances were added of which 
an influence upon the growth might be expected. 
Important work was published by van Kreveld & Michaels (45), who em­
ployed a photographic method for measuring the growth rates of individual 
faces of monocrystals. In this way the growth rates of five different crystal-
lographic forms could be measured; this was carried out for one temperature 
(30 °C) and two supersaturations. It was found that the crystal grows only 
in one direction of its twofold polar axis; no growth is observed in the 
direction of the apex of the tomahawk (Fig. 6). The two large (Oil) faces 
only grow at high supersaturations. 
In a second paper (31) the authors examined the influence of additives 
upon the growth rate of the various faces; these experiments were also car­
ried out at 30 °C with two supersaturations. Part of these additives acceler­
ated or reduced the growth of specific faces, whereas others had an influ­
ence upon the growth of all faces. Because lactose crystallizes very slowly 
compared to other sugars, the authors thought that the jS-lactose of the solu­
tion would also be an important growth retarder. To examine this, they car­
ried out experiments with stable anhydrous α-lactose (Section 2.8); this sub­
stance quickly dissolves in water, giving a solution supersaturated with α 
with a low β content. From these solutions needles of α-hydrate developed, 
of which the length was parallel to the crystallographic c-axis, growth in the 
—b direction could not be observed, however. 
On account of this growth retarding action of /Hactose and of the polar 
character of the crystal the authors predicted the position of the α-lactose 
molecules in the crystal. It was stated before by Knoop & Samhammer (46) 
that these molecules are parallel to the b-axis, but it was unknown at that 
time whether the α-glucose moieties point into the -t-b or the —b direction. 
Michaels & van Kreveld stated that these moieties must point into the —b 
direction, because in that case the —b side of the crystal, consisting of the 
apex, the curved faces and the unit forms (011) and (110) might form bonds 
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as easily with the galactose moieties of both a- and ^-molecules of the solu­
tion Once integrated a ^-molecule would inhibit further growth It is indeed 
found that growth at the —b side of the crystal is slow or absent, see Chap­
ter II, Fig 2 This theory excludes growth-retarding at the (010) face at the 
-l-b side of the crystal, because here ^-glucose moieties might not interfere 
In a third paper (47) van Kreveld extended this theory by experiments 
with growth in solutions of stable anhydrous a with additives having either 
the same ^-galactosyl or 4-O-glucose group as lactose For sugars of the 
first category, as for instance ^-lactose, which had to retard growth at the 
—b side of the crystal, the results agreed very well with the theory given 
above For the +b side of the crystal, where sugars with the same 4-O-
glucose group had to interfere, no clear statement was possible 
Since the work of van Kreveld & Michaels was earned out, new data 
became available, by which it is now possible to provide the work on crystal 
growth of lactose with a more quantitative, theoretical basis 
(ι) Van Kreveld & Michaels earned out their experiments with one batch 
of pharmaceutical-grade lactose We found that pharmaceutical-grade lactose 
always contains a growth retarder with an acid character There are large 
differences between the growth rates of corresponding crystal faces, if 
growth occurs in solutions of different batches of this grade of lactose We 
succeeded in preparing a pure lactose without this growth retarder, the 
growth rates obtained with this material were independent of its ongin This 
work will be desenbed in Chapter II 
(n) The above authors worked with one temperature and two supersatu­
rations for examining the influence of additives To obtain an insight in the 
mechanism of the growth with modern growth theones we had to carry out 
growth expenments with pure lactose over a large range of temperatures 
and supersaturations For the calculation of the supersaturation both a range 
of solubility values and a clear thermodynamic definition of the supersatura-
tion of α-lactose in solutions in equilibrium with jß-lactose are needed This 
work and the growth experiments with vanous temperatures and supersatu-
rations with conclusions about the growth mechanism will be desenbed in 
Chapter III and IV 
(in) The structure of the α-lactose hydrate crystal is now unambiguously 
known (48, 49) and it has turned out that the position of the glucose and 
galactose moieties is in accordance with the theory of van Kreveld & 
Michaels It is also possible now to denve the morphology of a crystal from 
its structure and its system of chemical bonds The results of this investiga­
tion for α-lactose hydrate crystals will be given in Chapter V 
(iv) The growth retarder, of which the existence will be desenbed in 
Chapter II is isolated and identified as far as possible On the basis of the 
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structure an explanation of its growth retarding action can be given These 
investigations will be described in Chapter VI 
For the growth expenments the monocrystal method of van Kreveld & 
Michaels (45) has been used, because it allows measurement of the mean 
linear growth rate of each crystal face and thus gives much more informa­
tion than a weighing method for instance Because of the slow growth of 
lactose a measurement with in situ observation of crystal surfaces during the 
growth is in this case not feasible 
Further experiments, lying beyond the domain of the crystal growth have 
been carried out with normal analytical, organic and physicochemical methods. 
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Summary 
Growth experiments were made with single crystals of α-lactose hydrate in super­
saturated solutions in accordance with a method described by van Kreveld and 
Michaels. We found that the results of our growth experiments strongly depended 
on the origin of the lactose that was used for the solution. 
To obtain an 'absolute blank' for our growth experiments, we tried to purify the 
lactose further by recrystallization. After every recrystallization the lactose obtained 
had a lower pH and a smaller growth rate than its starting product, even when the 
latter had been previously neutralized. Fractional recrystallization showed a gradually 
increasing pH of the fractions; finally a neutral lactose could be obtained. 
With ion exchange we succeeded in making a non-ionic lactose; it was thus proved 
that the acidity is not a property of the lactose itself. 
Growth experiments with this non-ionic lactose gave the 'absolute blank'. Growth 
rates with this lactose were found to be much higher than with pharmaceutical-grade 
lactose from different sources. This was especially the case for the (010) and (110) 
faces. 
From the anion exchanger used an acid solution was obtained, which appeared to 
have a strong growth-inhibiting action. This demonstrates that pharmaceutical-grade 
lactose contains an accompanying substance with an acid character, which crystallizes 
persistently together with the lactose and which slows down the rate of growth. 
1 Introduction and review of literature 
The crystal growth of α-lactose hydrate has been studied earlier by many 
research workers. Working on this subject means observing the phenomena 
that occur when crystals of this material are brought into contact with a 
solution that is supersaturated with α-lactose. 
An important difference from most other crystal growth systems is that 
an aqueous lactose solution is a pseudo-ternary system; molecules of both 
* Adapted al minor points 
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the α and β forms of lactose are present, which tend to a mutarotation 
equilibrium. Thus, α-lactose hydrate crystals never grow from a pure environ­
ment; their growth medium always contains /Mactose in a quantity of the 
same order of magnitude as the α-lactose itself. Apart from this the decline 
of the supersaturation by the uptake of α-lactose in the crystal is partly 
compensated by the mutarotation, by which the lactose molecules try to 
restore their β/ a equilibrium. Because of this it is normally not possible to 
determine the true supersaturation of ar-lactose in such a solution by simply 
measuring its temperature and lactose concentration. One also needs the 
β/ a ratio of the lactose, which can be measured by means of a polanmeter 
(1, 2) or a gas Chromatograph (3) 
A second - more practical - complication of crystal growth experiments 
with α-lactose hydrate is the almost unpredictable spontaneous nucleation, 
which after a long induction period may suddenly start. 
Since the early work of Hudson (4) in 1904, one can observe a steady 
evolution in the interest in this subject. In the past the decrease of the 
lactose concentration, and thus the overall mass transfer from the solution 
to the crystals, was studied in detail; nowadays attention is being focused on 
the growth processes occurring on the crystal surface. 
It is well known that α-lactose hydrate crystals grow comparatively slowly. 
There are three factors which may influence this crystal growth process. 
Which of the three factors - mass transfer, mutarotation, and surface integra­
tion - is rate determining, has been solved by experiments with mass crystal­
lization. Whittier & Gould (5) and afterwards Fasoli & Napoli (6) found that 
the mass transfer in the solution only influences the crystal growth when a 
large surface area is present and the stirring speed is insufficient Above a 
critical value of this stirring speed the overall mass transfer becomes inde­
pendent of it 
The influence of the mutarotation was made clear by Nickerson et al. 
Haase & Nickerson (7, 8) and Twieg & Nickerson (9) found that the muta­
rotation rate is the limiting factor when a high surface area is present and 
the mutarotation is slow, which is the case at lower temperatures and in 
neutral or moderately acid solutions In other cases, for instance with a small 
surface area, the overall mass transfer is governed by the surface reaction. 
In the past few decades growth experiments with single crystals have been 
carried out more frequently Two techniques have been used for crystal 
measurement before, after and if required during growth: 
- weighing the crystal 
- measuring the linear dimensions of the crystal. 
It is an advantage of this method that the mass of the solute can be kept 
large as compared to the mass of the crystal, so that under isothermic 
conditions the supersaturation can be considered as constant, even when 
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some nucleation would occur. The advantage of the second technique is that 
the growth rates of different crystallographic faces can be measured 
separately. Thus the growth rates can be related to the crystal structure. 
For the growth of α-lactose hydrate crystals van Kreveld & Michaels (10) 
developed a photographic method of measuring the growth rate of individual 
faces. They made microphotographs of crystals before and after the growth 
and measured in this way the growth rates of crystal faces of five different 
crystallographic forms at one temperature and two supersaturations. The 
growth rates of the different forms varied considerably. Growth occurs 
especially on one side of the twofold polar axis. 
Michaels & van Kreveld (11) used this method also to study the influence 
of additives upon the growth. Most of the additives appeared to have a 
marked positive or negative influence upon the growth in the + b direction, 
i.e. on the (010) and (110) faces. For the a direction - i.e. on the (110), 
(100) and (ПО) faces - only one substance (riboflavin) with a strong 
inhibiting action was found. 
From supersaturated solutions of stable anhydrous α-lactose - a material 
being readily soluble in water - needles of α-lactose hydrate developed 
with very fast grown (011) faces. At this supersaturation, on an average of 
about 120 %, the growth on these faces is about 200 times as much as that 
in a solution in which a- and /3-lactose are in equilibrium. /Mactose has thus 
proved to be an important growth inhibitor for the с direction. These authors 
developed a theory about the orientation of the α-glucose and /î-galactose 
groups in the crystal, explaining the growth inhibition by /Mactose. 
Van Kreveld (12) checked this theory in more detail by growth experiments 
with crystals and needles, growing in solutions of stable anhydrous α-lactose 
with various additives. Only those carbohydrates, having either the /3-ga-
lactosyl- or the 4-O-glucose group of lactose, inhibit the growth by a specific 
adsorption. This statement has been proved for the a, -b and с direction; 
for the + b direction it was impossible to prove this with the technique 
employed. 
Jelen (13) and Jelen & Coulter (14, 15) used large crystals of similar 
shape and mass, of which the mass increase was determined by weighing 
them before and after growth. The influence of temperature and supersatura-
tion was studied with pure solutions. Growth experiments in solutions to 
which salts were added, gave no clear statement about the role of salts in 
general: CaCl2 had the strongest growth-promoting action, whereas at higher 
concentrations KCl retarded the growth. In deproteinated whey the mass 
increase was not significantly different from that in a pure lactose solution 
of comparable supersaturation. 
In what follows we shall describe the results of our investigations, using 
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the method of van Kreveld & Michaels (10). It will be shown that the growth 
rate of crystals growing from solutions of lactose of different origin varies 
considerably. It is the aim of this paper to analyze this observation in more 
detail. 
2 Outline of the problem 
Many authors mention the origin of the lactose they used for their experi­
ments. For a large series of experiments it is in fact a prerequisite to have 
available a large supply of a very pure lactose quality. Pharmaceutical-grade 
lactose requires very stringent quality specifications; one would therefore 
expect that standard growth experiments with pharmaceutical-grade lactose 
from different sources would give about the same results. 
Van Kreveld & Michaels (10) made their experiments with one batch of 
Baker's analytical-grade lactose; mostly as such and in some cases after 
recrystallization. Carrying out the same experiments (in a slightly modified 
way) with CCF pharmaceutical-grade lactose (B.P. quality) (16), we found 
growth rates that differed a little bit but significantly from those of the 
authors mentioned above (see Table 1, line 1 and 8). 
Further experiments with pharmaceutical-grade lactose from other source; 
revealed even much larger differences, as shown in Table 1. The variation 
in the rate of growth, as demonstrated in Table 1, suggests that notwithstand­
ing the relatively high purity of the samples, traces of growth-promoting or 
growth-retarding substances may be present in different concentrations. We 
have therefore tried to find an answer to the following questions. 
Table 1. Growth of crystals in solutions of pharmaceutical-grade lactose under 
standard conditions. 
Growth rate ( н т per hour) of individual faces 
(010) 
3.1 
0.5 
9.4 
7.2 
7.8 
6.0 
9.5 
3.0 
8.1 
3.4 
5.4 
9.4 
(110) 
3.2 
1.8 
5 6 
4,2 
1.5 
4.7 
4.9 
2.9 
4.5 
1.9 
5.5 
5.6 
(ICC) 
1.3 
1.7 
2.3 
2 4 
1.9 
2.6 
2.4 
2.4 
2.4 
1.0 
2.6 
2.8 
(110) 
U.3 
0.3 
1.0 
1.1 
0.9 
0.8 
1.0 
0.4 
1.0 
0.3 
1.0 
1.1 
30 
Origin 
Baker, lot No 22538 
Same, recryslallized 
Baker, lot No 30452 
Noury Baker, lot No A0492 
Noury Baker, lot No 26784 
Analar 
Borculo 
CCF 
DMV 
Foremost 
HMS 
Merck 
1. What is the reason why growth experiments with solutions of pharma­
ceutical-grade lactose of different origins carried out under the same con­
ditions, can give those varying rates of growth? 
2. What is the real growth rate of the faces of a crystal, growing in a solution 
of absolutely pure lactose under our standard conditions? In other words: 
what is the 'absolute blank' for our growth experiments? 
3 Methods and materials 
3.1 The α-lactose hydrate crystal 
The crystal, as it is formed in moderately supersaturated solutions, being in 
α/β equilibrium, is wedge-shaped; in the American literature it is character­
ized as a tomahawk. 
The crystallographic data are determined by Groth (17), Seifert & Labrot 
(18), Knoop & Samhammer (19) and Buma & Wiegers (20). The crystal 
belongs to the monoclinic sphenoidic class; the only symmetry element is the 
twofold axis along the polar b axis; this corresponds to the largest dimension 
of the crystal. The following forms of crystal faces are observed (see Fig. 1): 
1 clinopedion: the (010) face 
1 hemiprism, consisting of two (110) faces 
1 orthopinacoid, consisting of two (100) faces 
1 hemiprism, consisting of two (110) faces 
1 hemiclinodoma, consisting of two (011) faces 
2 small faces near the crystal apex with no definite index. 
A second clinopedion, the (010) face is not present in our crystals; it only 
develops at high supersaturations. 
3.2 The growth experiments 
The technique of these experiments was almost the same as that of van 
Kreveld and Michaels (10). They used two standard concentrations; we only 
worked with the lower of these concentrations, viz 41.5 g α-lactose hydrate 
in 100.0 g water. At 30 °C, our normal working temperature, this concentra­
tion corresponds to a supersaturation of about 61 %. In impure solutions, 
however, deviations due to the influence of the impurity on the solubility of 
lactose in water have to be considered. All solutions are in a mutarotation 
equilibrium: at 30 °C the β/α ratio, according to Roetman & Buma (1) has 
a value of 1.56e, so at this temperature about 39 % of the dissolved lactose 
is present in the α form. In all growth experiments the lactose/water ratio 
was the same; if necessary a correction was made for the water brought in 
with the impurity to be examined. 
The water used was demineralized water with a specific conductance less 
than 2 /<S cm-1. For the preparation of standard solutions for our growth 
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Fig. 1. α-lactose hydrate crystal, lying with one of its (011) faces in a horizontal position. 
experiments and other supersaturated solutions water of 70 to 100 °C was 
used. 
The lactose used was generally C d ^iharmaceutical-grade (BP) (see Ref. 
16). Seed crystals of it were cultivated in supersaturated lactose solutions at 
room temperature until they had a diameter of about 0.5 mm (10). Part of 
the experiments was carried out with non-ionic lactose (see Section 3.4). All 
growth experiments were made in quadruplicate with one crystal lying in a 
round-bottom flask of about 25 ml, filled with the supersaturated solution. 
The flasks were placed in a water bath at a temperature of 30.0 ± 0.1 °C and 
were not moved during the experiment. 
The conditions described above of concentration and temperature will 
be referred to from now on as our standard conditions. 
Because the two large (011) faces do not grow at 6 1 % supersaturation 
(10), growth of the adjacent crystal faces (010), (110), (100) and (1Î0) can be 
measured by photographing one of the (011) faces before and after growth. 
The micrographs were made with an Exa la camera on a normal 16 DIN 
film through an Olympus microscope with a 10 X objective and a 4 X eye-
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piece; the exposure time was 1/30 s. The (Oil) face to be photographed was 
brought into a horizontal position by placing the crystal in the right position 
on a special inclined support on the microscope stage, lying on its other (Oil) 
face, as is indicated in Fig. 1. The angle of the support is 23°, which is 
approximately the plane angle between the two (Oil) faces of the crystal. 
After the development of the film the negatives were placed in a magnification 
apparatus and projected on normal typing paper, on which the outline of the 
image together with some characteristic marks was copied. In this way a 
total magnification of 143 X was obtained. By projecting the negatives of the 
exposure of the same (Oil) face before and after growth, and correctly 
aligning the two images with the help of the apex and the other marks, the 
displacement of the edges can be measured on the projection (see Fig. 2). 
This displacement gives the real displacement of every photographed edge. 
Because the (Oil) face has not grown, the perpendicular growth on an 
adjacent face can be calculated by multiplying the displacement of the 
common edge by the sine of the plane angle. The growth experiment 
mostly lasted 24 or 48 hours. The resulting growth rates are given in terms 
of micrometers per hour. The growth rate in terms of the practical units 
mg min- 'm-2 can be calculated from it by multiplication by a factor 25.75, 
taking into consideration a crystal density of 1.545 (21). 
Fig. 2. Edges of a (Ü11 ) face before and after growth. 
4 The search for the 'absolute blank' 
4.1 Influence of recrystallization upon the growth rate 
The best way to make lactose as pure as possible seemed to recrystallize it 
several times from an aqueous solution. An example of a recrystallization of 
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lactose on a laboratory scale is given in (11). The authors recrystallized a 
portion of their lactose (Baker, lot No 22538) and made a growth experiment 
with the product obtained. Crystals growing under standard conditions in 
solutions of this recrystallized product appeared to give sharply reduced 
growth rates on the (010) and (110) faces, no growth change on the (ПО) 
faces and a somewhat increased growth rate on the (100) faces, as compared 
with the growth in a solution of the non-crystallized product. The authors 
ascribe this to a possible removing of growth-promoting trace substances by 
the recrystallization. 
We made growth experiments as described in Section 3.2 with the CCF 
quality edible lactose (16) and B.P. (pharmaceutical-grade) lactose, which 
is a recrystallization product of the former substance and in addition one, 
two and three times recrystallized B.P. lactose. In Table 2 these results are 
shown together with the results mentioned above (11). It clearly shows 
that every recrystallization led to a product with a lower growth rate; this 
holds especially for the (010) face. 
Table 2. Influence of recrystallization upon the growth rate under standard conditions. 
Material Growth rate in um per hour of individual faces 
Baker, lot No 22538 
Same, recrystallized 
CCF edible lactose 
CCF BP lactose 
Same, 1 X recrystallized 
Same, 2 X recrystallized 
Same, 3 X recrystallized 
(010) 
3.1 
0.5 
11.1 
3.0 
1.8 
1.1 
0.2 
(110) 
3.2 
1.8 
3.0 
2.9 
2.0 
2.2 
0.7 
(100) 
1.3 
1.7 
1.5 
2.4 
1.8 
1.8 
1.3 
(110) 
0.3 
0.3 
0.8 
0.4 
0.4 
0.4 
0.5 
4.2 The pH of lactose solutions 
4.2.1 Influence of the pH upon the growth rate. It is almost inevitable that 
during the recrystallization from edible lactose the crystals of refined lactose 
will take up and build in some traces of the mother-liquor. These components 
are in the mg/kg range and consist mainly of whey salts and possibly some 
acids, such as lactic acid. It is therefore conceivable that standard solutions 
of lactose from various sources have different pH values. Little is known 
about any direct influence of the pH upon the growth' rate. Jelen (13, p. 27) 
mentions some indirect effects, viz the rates of mutarotation, browning and 
hydrolysis of the dissolved lactose, which are all highly pH-dependent. It 
has been shown in Section 1 that the mutarotation rate can be important for 
mass crystallization, where the total surface area of the crystals is high. 
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For the growth of single crystals the supersaturation can be considered as 
constant; this has opened the possibility of checking whether any direct pH 
effect is present. Michaels & van Kreveld (11) found some effect from the 
addition of HCl to a pH of 2 and of acetic and sorbic acid. HCl slowed 
down the growth on all growing faces; the organic acids did this only on the 
(010) face, while promoting the growth on the other faces. Jelen (13) brought 
the lactose solution with lactic acid to a pH of 3.3 and found growth retar­
dation at 50 "С. 
To check the pH dependence for our purified lactose, we made a number 
of standard solutions of recrystallized CCF-BP lactose, adjusted them with 
NaOH or HCl to various pH values and carried out herewith growth experi­
ments under standard conditions. The results are given in Fig. 3. 
G r o w t h r o t e 
ju m/ h 
7 О 
Fig. 3. Influence of the pH upon the growth rate under standard conditions of 
recrystallized lactose. 
It can be seen that every face has a growth maximum at a pH of about 7. 
The growth of the (010) and (110) faces descends to about zero at pH 2.50, 
the other faces have a less sharp growth decline towards lower pH values. 
Above pH 7.4 the growth rates decrease; we thought that this could be the 
result of a slight decomposition, as described by ter Horst (22). It is a known 
fact that in the presence of alkali part of the lactose isomerizes to give 
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lactulose. Both lactose and lactulose are partly decomposed, yielding among 
other things formic acid and iso-saccharinic acid (23). By these reactions the 
pH of an unbuffered reaction mixture declines, by which the reaction even 
can be stopped (24). We tried to estimate this effect, by keeping standard 
lactose solutions, adjusted to pH values of 8.00 and 9.00 for 48 hours at 
30 °C. Afterwards the pH values had declined to 7.40 and 7.80 respectively, 
but with gas chromatographic analysis according to (3), no carbohydrates 
other than lactose were found. Presumably under these circumstances the 
conversion of lactose is negligible, so the pH effect upon the growth would 
be direct in this case. 
4.2.2 The natural pH of lactose solutions. It was found that our non-adjusted 
standard solution, containing 41.5 g recrystallized CCF-BP lactose in 100 g 
demineralized water, had a pH as low as 3.51. It was not clear, however, 
why this solution should have such a low pH. 
In the literature some examples of lactose with low pH values are reported: 
the CCF-BP lactose of van Kreveld (12) in the Netherlands, the Fisher lactose 
of Jelen and Coulter (13) in the USA, and the Wyndale lactose of Thurlby 
(25) in New Zealand all had a pH of about 4. Besides this, the pharma-
copoeias of most countries consider lactose as a slightly acid product and 
contain a requirement for its acidity. In the USA, for instance, a solution 
of 1 g lactose in 10 g water should have a pH between 4.0 and 6.5 (26). The 
European pharmacopoeia (27) emphasizes the buffering action of the lactose 
and requires that a solution of 30.0 g of lactose in 100 ml carbon dioxide-
free water after the addition of 10 drops Phenolphthalein solution has to be 
colourless and will need no more than 1.5 ml 0.1 N NaOH for producing 
the red colour of the indicator. 
Table 3. pH values of pharmaceutical-grade lactose of different origins. 
Origin pH in a concentration of 10g/100g water 
Baker lot No 30452 6.30 
Same, recrystallized 4.12 
Borculo 5.30 
CCF 25 mesh sieve fraction 4.00 
Same, 50 mesh 4.29 
Same, 75 mesh 4.45 
Same, recrystallized 3.82 
HMS 4.35 
Merck 4.13 
Nevertheless, one would expect that recrystallizing such a product would 
remove the last traces of acid contaminants, so the above-mentioned pH of 
36 
3.51 was unexpected. It seemed worth while to examine also the pH of 
pharmaceutical-grade lactose from other sources. We measured the pH of a 
solution, containing 10 g in 100 g demineralized water, of some of these 
products. The results are given in Table 3. Almost all these products appeared 
to have an acid reaction; only the Baker lactose had a neutral pH, which 
after recrystallization shifted to the acid region. We found that the original 
Baker sample contained much more Ca" and P O / " than comparable products, 
possibly from a free-flowing agent, based on some form of calcium phosphate. 
This shift to lower pH value looks particularly curious: it had to be 
expected that a fraction of lactose containing a small amount of an acid 
contaminant would lose it at recrystallization and become neutral. However, 
both the fact that the neutral Baker lactose at recrystallization turns to a lower 
pH and that the recrystallized CCF lactose has a lower pH than other lactose 
samples of the same origin (Table 3) are in mutual contradiction and require 
further investigation. 
4.3 Further experiments on recrystallization 
4.3.1 Influence of the initial pH. We prepared solutions of CCF-BP lactose 
by dissolving 60 g lactose. 1H20 in 100 g boiling water; after cooling to room 
temperature the supersaturation was about 200 %. These solutions were 
adjusted to pH values between 3 and 7 with about 0.1 N HCl or NaOH and 
allowed to crystallize at room temperature for about 16 hours. The sugars 
thus obtained were dissolved in water to the same concentration as before 
the recrystallization. Of these solutions the pH was measured and the results 
are shown in Table 4. It is clear that in this case also all pH values were 
reduced by recrystallization. 
Table 4. Influence of recrystallization upon the pH of pharmaceutical-grade lactose. 
pH before recrystallization pH after recrystallization 
3.02 2.57 
4.20 3.02 
4.78 2.98 
5.50 3.45 
5.50 3.32 
6.20 3.77 
6.45 4.00 
6.45 3.85 
6.92 4.32 
4.3.2 Repeated recrystallization. A portion of about 3 kg CCF-BP lactose 
was recrystallized five times. After every operation a solution was prepared 
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of 36.0 g ( = 0.1 mol) of the dried product in 100 g water. Every solution 
was titrated potentiometrically with 0.1 N NaOH to a pH of about 9. The 
curves are given in Fig. 4. 
Two typical phenomena can be seen from Fig. 4: 
— after each recrystalhzation the buffering action has increased; 
— the titration curves of the recrystallized products give rise to the suggestion 
that pure lactose is a dibasic acid. 
This last suggestion seemed rather remarkable, because sugars have in general 
a neutral character, irrespective of the very weak aptitude of the hydroxylic 
groups to split off protons The newest data of the overall pK,, of lactose are 
given by de Wit (28), who found with l3C NMR a value of 13 6 in a 1 M solu-
tion at 3-5 °C. It is thus impossible to explain the low pH values and the 
comparatively strong buffenng action of the solutions of recrystallized lacto-
se There are two explanations for these two phenomena 
— the acid constants for lactose in the literature are not correct; 
— lactose contains an acid impurety that cannot be removed by recrystalhza-
tion 
1 I 1 1 I I I I 1 I I I I à. 
1 2 3 4 S 6 7 8 Э 1 0 1 1 Т 2 
m l Ο Ι Ν Ν α Ο Η 
Fig 4 Titration curves of lactose solutions (36 0 g in ICO 0 g water) 0 = CCF-BP 
lactose, 1 = same, recrystallized once, 2 = same, rcciystalli/ed twice, 3 = same, 
recrystallized three times, 4 = same, recrystallized four times, 5 = same, recrystallized 
five times 
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4.3.3 Fractional crystallization. A solution of 420 g CCF-BP lactose in 
700 g water was seeded at room temperature with a pinch of crushed lactose 
and crystallized while stirring. When the suspension became markedly turbid, it 
was filtered by suction with a buchner funnel. The filtrate was seeded 
in the same way and the crystallization was continued, while the lactose 
obtained was washed with 75 % ethanol, dried and weighed. From every 
fraction the pH was measured at a concentration of 10 g in 100 g water. 
After crystallizing seven times the solution was too far exhausted to give 
more fractions in a reasonable time. It was therefore evaporated to the 
original concentration, after which the stepwise crystallization was continued 
until again seven fractions were obtained. 
Table 5 gives the pH of the subsequent fractions as a function of the yield 
of the crystallization, which was calculated from the cumulative mass of the 
fractions obtained. From these results it becomes clear that the crystallized 
lactose has not a constant acidity. The first crystallizing lactose has the lowest 
pH; the pH increases with growing yield and in the long run an almost 
neutral lactose can be obtained. 
Table 5. Progress of the pH of crystallizing lactose. 
Fraction 
number 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
Fraction 
mass 
(g) 
17.0 
19.8 
21.2 
26.6 
7.3 
16.0 
14.1 
15.8 
20.0 
21.8 
21.Э 
13.5 
12.8 
16.0 
Yield 
cumulative 
(%) 
4.0 
8.7 
13.8 
20.1 
21.9 
25.7 
29.0 
32 8 
37.6 
42.8 
47.9 
51.1 
54.0 
57.8 
pH of the fraction 
in solution 10 g/100 g H2O 
3.07 
3.15 
3.51 
3.57 
3.93 
4.02 
4.17 
4.10 
4.28 
4.48 
4.82 
5.10 
5.48 
6.05 
4.4 Non-ionic lactose 
To obtain unambiguous information about the question whether pure lactose 
is a neutral or an acid substance, we passed a solution with a concentration 
of 25 g CCF-BP lactose in 100 g water successively through a column with 
a strong cation exchange resin (Amberlite IR 120) in the hydrogen form 
and through a column with a strong anion exchange resin (Amberlite IRA 
401) in the hydroxyl form. The treated solution, which had about the same 
concentration as before the operation, was concentrated by evaporation on 
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a steam bath and cooled to room temperature, after which the lactose was 
partly crystallized. This sugar appeared to have completely lost its acid 
character: the pH in aqueous solution was now about 6 and independent of 
the concentration, and was thus equal to the pH of the solvent. This was 
also the case with the specific conductance: both for solutions of this 'non-
ionic' lactose and for the demineralized water used we found values between 
0 and 2 μ5 cm - 1 , while for instance a solution of 10 g of a normal CCF-BP 
lactose in 100 g water has a specific conductance of about 40 μ5 cm-1. 
During further preparations of non-ionic lactose the specific conductance of 
the outflow was checked continuously with a conductivity meter in line. 
We titrated a standard solution of 41.5 g non-ionic lactose in 100.0 g 
water with 0.1 N HCl and an aliquot with 0.1 N NaOH. Almost no buffering 
action remained (see Fig. 5). At lower pH values the buffering is practically 
the same as the one of the demineralized water employed, while at higher 
pH values only a small buffering action is observed, possibly as a result of 
the formation of lactosate ions. 
The conclusion is that pure α-lactose hydrate is a practically neutral 
substance and that the established acidity in pharmaceutical-grade lactose 
must be attributed to an accompanying contamination. 
ml 0 1 N HCL 
I О 
ml 0 1 Ν NaOH 
Fig. 5. Titration curve of a solution of 41.5 g non-ionic lactose in 1C0.0 g demineralized 
water and of 100 g of the water used. 
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4.5 Washing experiments 
The question arises whether the acid contamination that is present in a lactose 
crystal is located inside or outside the crystal. In the latter case it could be 
washed off by partly dissolving the crystal, which would simplify the manu­
facture of the neutral lactose. 
We carried out two washing experiments. 
First we washed a batch of CCF-BP lactose 25 mesh stepwise with water 
and followed the pH of the residue. We started with 1 kg lactose, suspended 
it in 1 kg water and stirred. After 5 minutes the residue was filtered off, 
washed and dried; 10 g of this material was dissolved in 100 g water and 
the pH of this solution was measured. Afterwards the experiment was 
repeated with the remainder of the lactose, again in contact with an equal 
quantity of water. This procedure was repeated several times until almost 
all the sugar was dissolved. 
Between 1000 g (starting point) and 240 g solid lactose the pH diminished 
little by little from 4.00 to 3.70 and increased after that to 4.18. It is clear 
that a neutral lactose cannot be obtained in this way. Concluding now that 
the acid impurity is not bound in or at the surface, but is incorporated in the 
crystal, would be somewhat premature, however. One can imagine that a 
very strong affinity could exist between the crystalline lactose and the 
impurity, through which the latter would be absorbed very strongly at a new 
surface. 
In a second experiment we filled a laboratory column with a height of 
0.5 m and a diameter of 30 mm with CCF-BP lactose 25 mesh and passed 
water in downflow through the column. After solution of a great part of the 
sugar, samples taken out of the upper part of the column were examined. 
The pH in a solution of 10 g in 100 g water again did not exceed 4.2. 
It was clear now that the acid impurity is not a surface contamination but 
is incorporated in some way in the crystal lattice. Taking into consideration 
the experiments described in Section 4.3, we can even say that this incorpora­
tion occurs with a high preference. Buma (29) developed a conductometric 
method for measuring the rate of solution of sugars in water and also found 
that ionic impurities are distributed all over the α-lactose hydrate crystal. 
Another example of a substance that is incorporated in this crystal lattice is 
yfl-lactose (2). 
4.6 Growth rate of non-ionic lactose 
At the end of Section 2 we posed the question what would be the 'absolute 
blank' for our growth experiments; or in other words: what is the growth 
rate of the various faces of an α-lactose hydrate crystal in a solution of 
absolutely pure lactose under our standard conditions? Until the discovery 
of the presence of an acid impurity we had two hypotheses about it. 
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- The 'absolute blank' for the (010) face would be zero (Section 4.1), 
because every recrystallization lowers the growth rate of this face. On 
many occasions our standard growth experiment with a crystal growing in 
a solution of recrystallized lactose did indeed give a value of zero for this 
face, but growth of the other faces was not constant for different pre­
parations. 
- Growth rates for the 'absolute blank' are those of the maxima of Fig. 3, 
and could be simply attainable by eliminating the pH influence. 
Both hypotheses have to'be abandoned, because we know now that the 
growth systems in question are impure in respect of non-ionic lactose. We 
therefore carried out standard growth experiments with two samples of non-
ionic lactose, prepared by the method of Section 4.4 from CCF-BP and 
Merck lactose respectively. To find out, whether both preparations have the 
same growth behaviour, these experiments were not made in quadruplicate as 
usually, but with a larger number of crystals. From the results the mean 
values and the standard deviations for the individual growth figures were 
calculated; these values are given in Table 6. 
For both preparations of non-ionic lactose growth rates appear to be 
practically equal, although growth rates of the starting materials differed 
considerably (Table 1). Moreover, growth rates of all faces have increased 
considerably by the preceding ion exchange process. Further no deviating 
phenomena have occurred: there is for instance no growth on the (Oil) faces. 
To arrive at a definitive conclusion, we also investigated the influence of 
the pH. This is because non-ionic lactose, dissolved in demineralized water 
has a varying pH, which might lead to false conclusions. We therefore carried 
out a growth experiment under standard conditions with non-ionic lactose 
solutions, of which the pH was adjusted to values of 1.5, 3.5 and 7.5. The 
results are given in Table 7, together with the mean growth rates for non-
adjusted non-ionic lactose, as obtained from Table 6. 
Table 6. Growth rates under standard conditions of two preparations of non-ionic 
lactose. 
Starting material Number Growth rates in μτη per hour of individual faces 
for the of crystals 
preparation (010) (110) (100) (110) 
CCF-BP 10 19.1 ± 1 . 0 9.0 ± 1.0 3.2 ± 0.8 1.2 ± 0.2 
Merck 9 19.1 ± 1 . 3 9.2 ± 1.3 3.0 ± 0.6 1.2 ± 0.3 
It becomes clear that the high growth rate of non-ionic lactose is not 
brought about by some casual pH influence, but is present over a large pH 
range. Towards lower pH values, where the growth of the (010) face for 
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pharmaceutical-grade and recrystallized lactose shows a sharp decrease (see 
Section 4.2.1), non-ionic lactose even shows a gradual increase. 
We therefore arrive at the definite conclusion that the growth rates of 
non-ionic lactose, as mentioned in the last line of Table 7, are the wanted 
'absolute blank' for our standard growth experiments and that therefore 
every deviation from these values is caused by some contamination. 
This is in particular the case with all sorts of pharmaceutical-grade lactose 
(see Table 1), so when preparing the non-ionic lactose we must have 
eliminated from our starting materials a component with a strong growth-
inhibiting action, above all on the (010) face. 
Table 7. Influence of the pH upon the growth rate of non-ionic lactose under standard 
conditions. 
pH 
1.50 
3.50 
7.50 
Non-adjusted 
Growth rate in 
(010) 
23.2 
20.0 
17.4 
19.1 
um per 
(110) 
6.7 
8.0 
8.1 
9.1 
hour of individual faces 
(100) 
2.9 
3.0 
3.7 
3.1 
(1Í0) 
1.0 
1.5 
1.6 
1.2 
4.7 Effect of the individual ion exchangers 
To ascertain which type of exchange resin is able to trap the (until now 
hypothetical) growth retarder, we examined separately a strong cation ex-
changer (Amberlite IR 120), a strong anion exchanger (Amberlite IRA 401) 
and a weak anion exchanger (Amberlite IR 45). Through a column of each 
of these resins a solution with a concentration of 25 g CCF-BP lactose in 
100 g water was passed. Every solution was evaporated, after which the 
lactose was partly crystallized. After being washed and dried, these sugars 
were used for a standard growth experiment. The results are given in Table 8. 
It is clear that both anion exchange resins have eliminated the growth-
inhibiting component, while the cation exchanger was unable to do so and 
even had a reverse effect by the combination of lowering the pH and 
recrystallization. 
Table 8. Growth of crystals in ion-exchanged solutions under standard conditions. 
Type of ion exchanger Growth in /¿m per hour of individual faces 
cation exchanger anion exchanger (010) (110) (100) (110) 
none strong 19.5 8.3 3.0 1.1 
none weak 18.3 8.5 3.0 1.0 
strong none 0 0.7 2 0 0.8  .  
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4.8 Demonstration of the growth-inhibiting action 
The presence of a growth inhibitor in pharmaceutical-grade lactose was 
proved by the following qualitative experiment. A solution with a concentra­
tion of 25 g recrystallized CCF-BP lactose in 100 g water was successively 
passed through two columns of about 100 ml with an inner diameter of 
20 mm, containing a strong cation exchanger and a strong anion exchanger 
(Amberlite IR 120 and IRA 401 respectively), with a flow rate of about 
500 ml per hour. 
The pH of the effluent was initially between 6 and 7; when it started to 
decline, the passing of the lactose solution was stopped. The anion exchanger 
was rinsed with water to remove the lactose and thereupon regenerated by 
passing 400 ml 0.5 N NH 4OH through it. This effluent was passed directly 
through a column filled with the cation exchange resin Amberlite IR 120; this 
column had a diameter of 30 mm and a volume of about 300 ml. After the 
passage of this solution, of which the effluent was collected, the column was 
washed with water until about 1 litre of total effluent was obtained. This 
liquid contained the acids corresponding with the anions of the starting 
material; its pH was about 2. 
A solution of 41.5 g non-ionic lactose in 50 g water was mixed with 50 ml 
of the above mentioned liquid and a standard growth experiment was made. 
Table 9 gives the result in comparison with the 'absolute blank'. The 
presence of a growth-retarding component in pharmaceutical-grade lactose 
is herewith unambiguously proved. This unknown substance appears to have 
this action on all growing faces, but the influence is the strongest on the 
(010) and (110) face. 
Table 9. Growth inhibition by the regenerate of an anion exchanger. 
Material Growth rate in μτη per hour of individual faces 
(010) (110) (1C0) (1Ϊ0) 
Non-ionic lactose 19.1 9.1 3.1 1.2 
Same, with the addition 
of regenerate 0 0 0.9 0.5 
5 Conclusions 
All pharmaceutical-grade lactose samples which were investigated contain 
an accompanying substance, the main properties of which are: 
- it has an acid character and can therefore be separated from lactose with 
an anion-exchanger; 
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- it accumulates in α-lactose hydrate during recrystallization of the latter; 
- it slows down the growth of α-lactose hydrate crystals, especially that 
of the (010) and (110) faces. 
A pure lactose, free of this substance, can be made by passing a lactose 
solution successively through a cation exchanger in the H form and through 
an anion-exchanger in the OH form and recrystallizing the sugar obtained. 
The growth rates of the (010) and (110) faces of crystals growing under 
standard conditions in solutions of non-ionic lactose are 3 to 6 times higher 
than those in corresponding solutions of pharmaceutical-grade lactose. 
An important consequence of these conclusions is that - to the best of 
our belief - all crystallization experiments with α-lactose hydrate that had 
been described until now in the literature, were actually made with impure 
lactose. Moreover, during mass crystal experiments the concentration of the 
growth retarder described must have been decreased gradually by in­
corporation in the crystals. 
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Summary 
The driving force for crystallization can be expressed in terms of the fundamental supersatu-
raüon S In the case of lactose solutions in mutarotation equilibrium below 93 S °C a formula is 
denved for S of α-lactose, in which the influence of /J-lactose on solubility of α-lactose is 
taken into account Because this influence cannot be measured, an estimation of it is made, 
using literature data of the system lactose-sucrose-water The supersaturation mentioned is 
given by 
5 C-
Q - f t f
m
( C - C
s
) 
where 
С = total lactose concentration, expressed as g anhydrous lactose per 100 g water. 
C
s
 «= final solubility of lactose, expressed as g anhydrous lactose per 100 g water, 
F » a temperature-dependent factor for depression of solubility of a-laclose by ß-ldctose, 
A^ m = β/a ratio of lactose in mutarotation equilibrium at the relevant temperature 
Values of C
s
 were measured between 15 and 80 0C and appeared to be in good agreement 
with literature data 
1 Introduction 
Growth experiments with monocrystals of α-lactose hydrate are generally 
earned out m aqueous solutions, supersaturated with α-lactose, which is in 
mutarotation equilibrium with /?-lactose (1,2) Up to 93.5 0C the final solu­
bility of lactose, which is defined as the total lactose concentration in a sa­
turated equilibrated solution, is governed by α-lactose Such a solution is 
thus saturated with α-lactose and undersaturated with /¡-lactose, above 
93 5 0C the уЗ-anomer is solubility-determining 
The final solubility of lactose in water is strongly temperature-depend­
ent, which is similar to that of many other sugars Most authors use or 
refer to the values compiled by Whittier (3), derived from those measured 
by Hudson (4) and Gilhs (5). Less known are the values of Saillard (6). 
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Table 1 Solubility of lactose in water 
Tempera­
ture 
PC) 
00 
150 
20 0 
215 
25 0 
28 0 
300 
33 0 
38 0 
39 0 
400 
48 0 
49 0 
50 0 
55 0 
57 0 
600 
640 
65 0 
70 0 
74 0 
75 0 
800 
85 0 
89 0 
92 0 
93 5 
Our measurements 
С* Q 
1791 
20 31 
23 22 
26 46 
28 78 
35 08 
4421 
46 82 
54 26 
63 42 
73 92 
85 92 
9991 
116 6 
16 86 
19 10 
2181 
24 81 
26 95 
32 75 
4109 
43 46 
50 19 
58 40 
67 72 
78 26 
90 40 
104 6 
Values 
Ref 4 
119 
16 8 
217 
316 
42 2 
65 8 
85 9 
138 7 
of C
s
from the literature 
Ref 5 Ref 6 
119 
20 0 
217 
24 0 
30 7 
42 1 
441 
56 0 
88 3 
135 3 
143 9 
Ref 7 
119 
19 2 
24 8 
32 6 
43 7 
58 7 
78 2 
104 1 
Ref 8 
216 
318 
43 3 
59 5 
93 6 
123 5 
More recently solubility values were published by Rozanov (7) and by 
Foremost Foods Cy (8) Jelen (2) gave selected values of some of the above 
authors and used mean values of their results in his research 
A general view of the solubility values in the literature is given in the co­
lumns 4-8 of Table 1 In our opinion differences between these literature 
values are too large to give a reliable basis for the calculation of supersatu-
ration in future crystal growth experiments, so that new solubility determi­
nations are necessary 
Supersaturation is an important measure for expressing the driving 
force of both crystallization and nucleation However, there is no consis­
tency in the literature in expressing supersaturalion, its numerical value 
being dependent on the units used for expressing concentration In the 
case of α-lactose, the presence of the /8-anomer is an extra complicating 
factor 
It is the aim of this paper to present the results of solubility determina­
tions in a broad range of temperatures and to express the driving force for 
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crystallization of α-lactose hydrate in an appropriate formula, which can 
be used in future crystal growth experiments. 
2 Definition of supersaturation 
Kirov (9) concluded that most of the commonly used definitions of super-
saturation are oversimplified and should not be employed when basic 
physical information has to be determined. Mullin & Söhnel (10) and 
Söhnel & Mullin (11) developed therefore from basic thermodynamic 
principles an exact expression for the driving force of crystallization and 
rigorous expressions of solute supersaturation. We will discuss their me-
thod in more detail and adapt it to aqueous lactose solutions. 
The fundamental driving force for crystallization is the difference be-
tween the chemical potential μ of the given substance in the fluid state and 
in the crystal state. This difference is defined as: 
Δμ = μΓ-μ» (1) 
where μ' refers to the chemical potential of solute particles and μ5 to the 
chemical potential of solid particles. The chemical potential for the given 
substance in the solute state can be defined in terms of activities as 
μ{ = μ{0+ΚΤίηα (2) 
where μ'ο = chemical potential of the solute in the standard state 
a = activity of the solute 
R = gas constant 
Τ = absolute temperature 
The value of μ0
Γ
 depends on the unit used for a, that of μΓ is independent of 
it. 
In equilibrium Δμ = 0, which results in 
μ' = μ5Γ = μ£+Λ7Ίηα 5 (3) 
where a, = activity of the solute in the saturated solution. 
Combinations of Eqns 1,2 and 3 leads to 
- ^ - - I n S (4) 
RT 
where S = a/a
s
 is the fundamental solution supersaturation. 
This is the exact expression for the dimensionless driving force for crys­
tallization. However, because activity coefficients are not usually available 
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for supersaturated solutions, Eqn 4 is of little use for practical purposes 
Supersaturation is generally expressed in terms of the solute concentration 
c, which may be given as a function of the activity by 
a = yc (5) 
and 
a
s
 = Y
s
c
s
 (5a) 
in which γ and γ5 are the activity coefficients Eqn 4 can thus be rearranged 
to 
^ Í L
 = l n _L · _£_ (6) 
RT ys cs 
For α-lactose the concentrations с and c
s
 may be expressed in terms of hy-
drated or anhydrous α-lactose Although it was advised ( 11 ) to express the 
dimensionless driving force of crystallization m terms of hydrates and not 
of anhydrous substances, this is not usually done for α-lactose, where the 
contribution of the water is of minor importance We therefore prefer to 
express с and c
s
 as g anhydrous lactose per 100 g water 
Usually, due to lack of information, values of γ cannot be given One then 
introduces the simplification γ = γ4, so that Eqn 6 is written as 
^ =
 l n S = l n ±_ (7) 
RT c
as 
However, for practical purposes it is easier to use instead of c
a
 the total lac­
tose concentration C, which is defined as 
С = cß + ca = ca{Km + 1) (8) 
in which all concentrations are expressed as g lactose per 100 g water and 
Km is the Cß/c„ ratio, which is dependent on temperature in normal 
aqueous solutions 
Transformation of the solubility cas to the final solubility Cs at the same 
temperature is less easy, because the value of c^ is dependent on the /3-lac-
tose concentration It can be determined with the schematic diagram, 
given in Fig 1, which is valid for one temperature and imphce γ
α
 = f (c
e
) 
The straight line through the ongin with slope \/K
m
 represents the mu-
tarotation equilibrium at the given temperature, we shall use the sign eq 
for these solutions The line with slope — F represents the solubility of a-
lactose cM in dependence on the present /i-lactose concentration Cß For the 
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Fig 1 Determination of supersaturation with Eqn 10 
с „' and с ρ concentrations of a supersaturated solution in mutarotation equilibrium 
с ¿se4 and c"^ ^  concentrations of the saturated solution in mutarotation equilibrium 
c £ α-lactose concentration of a saturated solution with the /3-lactose concentration с ρ 
K
m
 Cß/ca ratio at the given temperature 
— F slope of the line giving ca, as a function of Cß 
time being we shall consider this line as straight between the points с"* ^  and 
Cß.. The intersection of both lines represents a solution in mutarotation 
equilibrium, which is saturated with α-lactose; the a- and /Mactose con­
centrations of this solution are represented by cf'4 and с"'я respectively. 
The supersaturation of α-lactose has to be defined as the ratio of its con­
centration and its solubility at the same /Mactose concentration and tem­
perature, thus 
S-^IL (9) 
where the denominator gives the solubility of α-lactose in water, belonging 
to the temperature and the /Mactose concentration of the supersaturated 
solution with concentration c
a
. 
For a supersaturated solution in mutarotation equilibrium with concen­
trations £•„. and Cß. it follows from Eqn 9 and Fig. 1. 
5 = — (10) 
cgL 
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in which с ^ . is the solubility of α-lactose with a ß-lactose concentration 
Cp, and 
The concentrations of the equilibrium solutions of Eqn 11 can be trans-
formed to total lactose concentration Cs with Eqn 8: 
C. 
(12) eM = OS 
c , - C 
^aseq _ , 
^s 
^ m + ι 
K
m
+ 1 
,
 К
ш 
(13) 
(14) 
' к
п
 + 1 
Introduction of Eqns 12,13 and 14 into Eqn 11, and this into Eqn 10, using 
Eqn 8 gives: 
S (15) 
q - F / u c - Q 
Supersaturation of a given lactose solution can be calculated if C
s
, F and 
K
m
 are known. For K
m
 we shall use the values of Roetman & Buma (12); 
values of C
s
 and F have to be determined. 
3 Materials and methods 
3.1 Materials 
The lactose used was CCF pharmaceutical grade (BP) 50 mesh (see ref. 
13). All solubility experiments were carried out with demineralized water 
in 100-ml flasks that could be closed with screw-caps. 
3.2 Methods: Solubility of lactose 
α-Lactose hydrate was weighed into the flasks with an excess of about 2 g 
above the quantity expected to dissolve in the water. Next, 50 ml water was 
pipetted into each flask, after which the flasks were weighed once moie 
and closed. The flasks were placed in clamps on a vertical wheel, rotating 
in an thermostated water bath of which the temperature was constant 
within 0.10C. With temperatures up to 40 "С flasks were rotated in the 
bath for at least 24 hours; with higher temperatures shorter dissolution 
times (mostly eight hours) could be used, owing to the higher solution and 
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mutarotation velocities. After this period the contents of each flask were 
filtered through a glass filter, which had been dried at 80 0C and weighed 
previously. The undissolved lactose was further washed on the filter at 
room temperature with a weakly supersaturated lactose solution and next 
with 75 % ethanol, dried together with the filter in an oven for 16 hours at 
80 0 C and weighed after cooling to room temperature. 
Weighings were carried out with an accuracy of 10 mg. The experiments 
were made in sixfold at each temperature. 
4 Solubility measurements 
4.1 General 
Measurement of the final solubility of lactose can be performed by ma­
king a suspension of an excess of α-lactose hydrate in water and agitating it 
at the relevant temperature for a time which is sufficiently long to establish 
the mutarotation and the solubility equilibrium. Determination of the dis­
solved lactose can be carried out by one of the following methods: 
— analysis of lactose in the supernatant 
— gravimetry, by subtracting the mass of the undissolved lactose from the 
total mass of the lactose used for the suspension. We chose the second me­
thod, which seemed to us somewhat more accurate than the first one, be­
cause with this method dilution of the liquids, which is needed for the po­
larimetrie analysis, can be avoided. 
4.2 Calculation of the final solubility 
The solubility experiments, which were carried out by the method of Sec­
tion 3.2, give at various temperatures the mass of solid lactose hydrate be­
fore and after solution and the mass of the water used. The final solubility, 
expressed as g lactose· 1H2O per 100 g water, can be calculated with the fol­
lowing equation: 
c
s h = K - W r ) — (16) 
where 
C
sh = final solubility, expressed as g lactose· 1H20 per 100 g H 2 0 
w0 = mass of the solid lactose before solution (g) 
m
r
 = mass ofthe residual lactose, weighed on the filter (g) 
m,, = mass ofthe water added to the lactose (g). 
As was mentioned in Section 2, we prefer to express solubility as g anhy­
drous lactose per 100 g water and therefore converted the values obtained 
of C
sh into corresponding values of Cs, the final solubility in terms of anhy­
drous lactose. This was carried out with 
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С = С ^ -
 1 0 0
 (,7) 
5 sh
 Mh 100+C s h ( l-M a /A/ h ) 
where 
M
a
 = molecular mass of anhydrous lactose ( = 342.31) 
A/h = molecular mass of lactose· 1H20 ( = 360.32) 
0.95 C
sh 
C
s
 (17a) 
1 + 0.0005 C
sh 
4.3 Results 
Solubilities were calculated from the mass of the dissolved lactose and that 
of the water used with Eqn 16. For each temperature the mean solubility 
was calculated from six values; the standard deviation was in every case 
less than 0.2 % of the mean. Our mean values, expressed as g lactose hy­
drate in 100 g water, are given in Table 1, column 2. Column 3 gives our 
mean values in terms of anhydrous lactose, calculated from those of co­
lumn 2 with Eqn 17a. Solubility values from the literature, mentioned in 
Section 1, are given in the columns 4-8. Our values appear to be in very 
good agreement with those given by Rozanov (7) and show somewhat 
larger differences from those of the other workers. 
Formulae for the final solubilities C
sh and Cs as a function of tempera­
ture (0C) could be obtained by calculating least squares polynomials, using 
the programme POLFIT of a General Electric computer; this gave: 
C
sh = 12.48 + 0.2807/ + 5.067 X IO"
3/2 + 4.168 X ICHf3 + 
+ 1.147 X \0-6i* (18) 
C
s
 = 11.23 + 0.3375 t + 1.236 X IO"312 + 72.57 X 10 Ч3 + 
+ 0.5188 X lO-V (19) 
The relative difference between the experimental values and those calcu­
lated from the above equations is no more than 0.33 %. For the calculation 
of supersatura lions we shall use our experimental values of C
s
 at the rele­
vant temperatures. 
5 Determination of F 
Although it is mostly assumed that /Mactose has no influence on solubility 
of α-lactose, this is not correct. Hudson (14) determined the initial solubili­
ty of α-lactose in water at 0,15 and 25 0C; measurement at higher tempera­
tures was not possible because of the increased mutarotation rate. He 
found values of 5.06,7.15 and 8.65 g α-lactose per 100 g water respectively; 
the corresponding solubilities of α-lactose in mutarotation equilibrium at 
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the same temperatures, calculated as the quotient Cs/(Km + 1), give values 
of 4.50, 6.48, and 8.45 respectively, which are distinctly lower than the 
above values. 
It is a known fact that many carbohydrates depress each others solubili-
ty in water. The influence of sugars and some related compounds on su-
crose solubility was given by Solstad (15), who concluded that all these com-
pounds have the same solubility-depressing effect. 
Little is known about the influence of other sugars on final solubility of 
lactose. The influence of sucrose was measured at —3 and 0oC by Peter 
(16) and at temperatures between 25 and 85 0C by Nickerson & Moore 
(17). Talley & Hunter (18) measured lactose solubility at 25 "C in the pre-
sence of glucose, galactose and mixtures of both compounds. They ex-
pressed their results as 
Cs (%) = 17.50 - 0.2452 c^ (%) - 0.2477 cgal (%) (20) 
in which C5 (%) is the final solubility of lactose, expressed as a percentage 
of the total solution, and c^ (%) and cgal (%) represent the glucose and ga-
lactose concentrations, expressed in the same units. Eqn 20 shows that so-
lubility depression by both monosaccharides and by their mixtures is prac-
tically equivalent. But it must be realized that /Mactose has an additional 
solubility-depressing effect. From the above formula of Talley & Hunter 
we calculated F for glucose by setting cga| = 0 and introducing arbitrarily 
chosen values for cgl (%). Lactose and glucose concentrations were trans-
formed to the units g/100 g water, giving Cs(cg|) and cgl. With Km = 1.58 
(12) values of c^ (cß, cgl) and cß were calculated from Cs (cg|). For sets of 
two points F was obtained as 
Δ(<* + cgl) 
In this way values of F between 0.035 and 0.036 were calculated. 
A similar calculation was carried out for the above-mentioned values of 
Nickerson & Moore at 25 0C; this gave, up to a total concentration of su­
crose and ß-lactose higher than 110 g/100 g H20, a constant value of 0.034 
forf. 
It is reasonable to assume that, as in the case of sucrose, solubility de-
pression by related carbohydrates including /?-lactose will be about the 
same and that values of solubility depression brought about by sucrose in 
co-operation with the present /Mactose might be used instead of those, 
caused by the same concentration of /J-lactose alone. From the data of 
Peter (16) we calculated values of c^ in dependence on the sum of the con-
centrations of sucrose and /J-lactose (csu + Cß) at 0 0C; the same was done 
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with the values of Nickerson & Moore ( 17) at 25,40,50 and 60 »С. The re­
sults are given in Fig 2. 
X - 2 5 С 
О - 4 0 * C 
Д - »О 'С 
+ - »o*c 
Fig 2 Solubility of α-lactose as a function of the total concentration of/Mactose and sucrose 
φ temperature 0 oC, values of ref 16 
x temperature 25 0C, values of ref 17 
О temperature 40 0C, values of ref 17 
Δ temperature 50 "С, values of ref 17 
+ temperature 60 "С, valuesofref 17 
The points nearest to the ordinate correspond with saturated equili­
brium solutions without sucrose. Up to high values of (с,,, + с
э
) straight 
lines were obtained Because we shall use this solubility diagram for c
a
, as 
a function of Cß alone, deviations of linearity are only important for high 
temperatures combined with high concentrations. 
Table 2 Values of cf " 0 and Fat vanous temperatures 
Temperature 
(°C) 
0 
25 
40 
50 
60 
F 
0016 
0 034 
0 048 
0 066 
0074 
'•as 
(g/lOOgHzO) 
46 
90 
13 8 
18 9 
26 0 
Intersections of the extrapolated lines with the ordinate give values of 
c£~u at vanous temperatures, which have only theoretical importance as ini-
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tial solubility of α-lactose At 0°C, where Hudson (14) found a value of 
5 06 g α-lactose per 100 g water, extrapolation of the values of Peter gives a 
value of 4 60 At 25 "С the value of Hudson is 8 65, whereas extrapolation 
of the values of Nickerson & Moore gives 9 0 
Table 3 Influence of deviations in Fon 5 
Temperature 
CO 
25 
25 
25 
25 
60 
60 
60 
60 
Km 
158 
158 
158 
158 
150 
150 
150 
150 
•Values of Table 2 
F 
0 034* 
0041 
0034* 
0 041 
0074* 
0089 
0074* 
0 089 
C/Q 
1667 
1667 
1250 
1250 
1667 
1667 
1250 
1250 
S 
1729 
1742 
1267 
1271 
1800 
1829 
1286 
1293 
For the given temperatures, values of Fare found from the slopes of the 
lines Values of cf"0 and Fare given in Table 2 Although the equality of 
the solubility depression by ß-lactose and sucrose cannot be proved, it 
seems to be permissible to use in Eqn 15 the F values of Table 2 This is 
supported by the fact that m this equation the product FKm (C — Q is 
much less than Cs, so that even a considerable deviation in F would be of 
little influence on 5 This is shown in Table 3 with values of S calculated 
for two C/C, ratios and two temperatures 
The largest increase of S is obtained with the highest temperature and 
C/Cs ratio, where it increases from 1 800 to 1 829 with an increase of F as 
much as 20%, this deviation seems to us tolerable The simplification F = 
0, by which S is set equal to C/Cs, would give much larger deviations and 
therefore has to be rejected 
6 Conclusions 
The driving force of crystallization is normally expressed in terms of the 
fundamental supersaturation S = a/as For practical purposes S has to be 
worked out into measurable quantities, by which the introduction of cer-
tain simplifications may be necessary Calculation of S of solutions super-
saturated with α-lactose which is in mutarotation equilibrium with ß-lac-
tose is complicated by the influence of /3-lactose on α-lactose solubility 
For calculating 5 of an equilibrated lactose solution with a given concen­
tration and temperature, the final solubility C
s
, the mutarotation constant 
K
m
 and the solubility depression factor Fare needed 
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C
s
 was measured at a number of temperatures between 15 and 80 0C, 
the values obtained were in accordance with those of literature and agreed 
best with those published by Rozanov (7). K
m
 is known from the work of 
Roetman & Buma (12) over a large temperature range Owing to mutaro-
tation F cannot be determined, except at very low temperatures, but a me­
thod is given of estimating it with the known solubility depression by su­
crose Errors in F — even of, for instance, 20 % — appear to be of little in­
fluence on S For crystallization experiments with α-lactose hydrate mo-
nocrystals S may be calculated from Eqn 15, in which interpolated values 
of C
s
, K
m
 and F may be used. 
References 
1 A vanKreveld&A S Michaels,/ Dairy Sci 48(1965)259 
2 Ρ Jelen.Ph D Thesis, University of Minnesota, 1972 
3 Ε О Whittier, J Dairy Sa 27(1944)505 
4 С S Hudson,/ Am chem Soc 30(1908)1769 
5 J Gillis,Rec Trav chim Pays-Bas Beige Ъ<)(\910)%% 
6 E Saillard,OHmieiS/n</uwr<e2(1919)1035 
7 A A Rozanov, Rukovodstvo po proizvodstvu molochnogo sachara (Handbook of lac­
tose production) Piscepromizdat, Moscow, 1962 
8 Foremost Foods Cy, Lactose, Technical Manual San Francisco, 1970 
9 G К Kirov,/ Cr)'i/a/Cro>v/A20(1973)171 
10 J W Mullm&O Sohnel,CAem EngngSa 32(1977)683 
11 О Sohnel&J W Mullm.CAem EngngSa 33(1978)1535 
12 К Roetman&T J Buma.A'eiA MilkDairyJ 28(1974) 155 
13 Anonymous, Lactose, Coöperatieve Condensfabriek 'Friesland', Leeuwarden 
14 С S Hudson,/ Am chem Soc 30(1908)1767 
15 O Solstad, Manufacturing ConfectionerAS (10)(\965)П 
16 Ρ N Peter,/ phys Chem 32(1928) 1856 
17 Τ A Nickerson&E E Moore,/ Food Sci 37(1972)60 
18 E A Talley&A S Hunter,/ Am chem Soc 74(1952)2789 
57 
Chapter IV 
Growth of non-ionic lactose at various temperatures and 
supersaturations 
R. A. Visser 
Coöperatieve Condensfabriek Friesland, Leeuwarden, Netherlands 
Nelh Milk Dairy J 36(1982)167-193 
Received 17 February 1982, accepted 22 March 1982 
Key-words: crystallization, lactose 
Summary 
Growth experiments were earned out with single crystals of α-lactose hydrate in solu­
tions of non-ionic lactose under various conditions of temperature and supersaturation 
Theoretical expressions are given for crystal growth from the liquid phase as a func­
tion of temperature and supersaturation and the growth rates measured of the (100) 
and (010) faces were fitted with these expressions A simplified expression, resulting 
from the spiral growth model, hts very well up to a supersaturation of about 1 35 
From the growth rates in this domain a value of the activation free energy for desolv-
ation of 72 kj mol-1 was obtained, which is almost the same as literature values for 
sucrose 
Growth experiments with higher supersaturations can be better described with a 
'birth and spread' model This was carried out with growth rates measured at 20 °C 
and supersaturations higher than 1 5 The formula obtained can also be used with 
higher temperatures, provided that growth is not diffusion-controlled There is evi­
dence that if the growth rate of the (100) faces is greater than 40 /mi/h and that of 
the (010) face greater than 200 /mi/h, growth at 60 °C is considerably influenced by 
volume diffusion Growth for both faces (Λ,,«, and Λ,,,,, respectively) up to Λ = 1 35 
can be expressed by 
R
mi - 2 2 · 10" exp (-8652 7^') · (S - 1) In S 
Я,,,,, = 1 3 · 10м exp (-8600 Г ') • (S - 1) In 5 
Above 5— 1 5 the growth of both faces can be given by 
«,„„ = 8 8 · lO'^ln 5)' '' · (S-iy 1 • exp (-0 86 In ' S) · exp (-8626 Г 1 ) 
Я,,,,,- 1 0 · 10's(ln S)' ь · (S-if 1 · exp(- l 23 In ' Ó) • exp (-8626 Г ' ) 
1 Introduction 
It has been shown (1) that growth of monocrystals of α-lactose hydrate in 
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aqueous lactose solutions is strongly retarded by the presence of a natural 
growth inhibitor of an acid character, which is easily incorporated during 
growth of lactose crystals Non-ionic lactose, which was prepared by pass­
ing a lactose solution through a cation exchanger and an anion exchanger 
in line, followed by concentrating and crystallizing the outflow, has a neu­
tral character and much higher crystal growth rates than its starting pro­
duct These are independent of the starting product used, so that we can be 
sure that we have a pure material at our disposal 
Until now only the growth rates of non-ionic lactose, measured at one 
temperature (30 0C) and one concentration (41 50 g lactose hydrate/100 0 
g H2O) corresponding to 38 62 g anhydrous lactose/100 0 g H2O are avai­
lable Growth experiments at other temperatures and concentrations 
could be very useful for extending our knowledge of this matter, especially 
in the mechanism of crystal growth of lactose 
The method we used for measuring the growth rates of vanous faces of 
the α-lactose hydrate crystal (ref 1-3) may be applied without radical 
adaptations to experiments at other temperatures and supersaturations 
Attention should be paid, however, to two possible restrictions, viz 
1 Our growth experiments mentioned above had a duration of 24 or 48 
hours Growth experiments under other conditions require some adapta­
tion of growth time to the growth rates to be expected, so that the total 
growth of the crystals during the experiments will not vary too much Too 
small a growth would cause the measurement to be too inaccurate, while 
too prolonged a growth would yield problems when the grown crystal has 
to be photographed Besides this, we have to take into account the forma­
tion of false grain, which develops during many growth experiments This 
might influence the experiments in two ways 
(a) The monocrystals used have a mass less than 0 1 mg, while the excess of 
α-lactose in the supersaturated solution may be 1-10 g, so that growth of 
the crystal, even to tenfold of its original mass, has a negligible influence 
on supersaturation Even if a hundredfold of the above mass — viz 10 mg 
—were to be incorporated into the false grain, the relative reduction of su-
persaturation would be no more than \% in the most unfavourable case It 
is clear that this influence cannot give any noticeable aberration 
(b) Much more serious is damage of the monocrystal by the growth of false 
grain on its surface In this way the crystal may even stick to the wall of the 
flask with risk of serious damage during detachment 
2 Van Kreveld & Michaels (2) demonstrated that the crystal growth pro­
cess for lactose in the above conditions is controlled by the surface-inte­
gration step, so that their growth experiments could be carried out without 
stirring or moving the flasks However, with much faster growth, mass 
transport through the solution by volume diffusion might become rate-de-
59 
termining Examples for lactose were given by van Kreveld (4) with needle 
growth of α-lactose hydrate Especially in experiments with non-ionic lac­
tose at higher temperatures and supersaturations this influence might 
cause aberrations 
It is the aim of this paper to present the results of growth experiments 
with non-ionic lactose in a broad range of temperatures and supersatura-
tions and to express the results inappropriate mathematical formulae 
2 Some theoretical aspects of crystal growth from solutions 
Crystal growth is a combination of several processes, by which growth 
units (solute ions or molecules) are first transported from the bulk of the 
fluid phase towards a crystal face and subsequently are integrated at this 
face 
Integration occurs where the attractive forces are greatest, thus by prefe­
rence in those positions where bonds in more than one direction can be 
achieved As a consequence growth is fastest at rough faces, which are co­
vered with kinks in which the arriving growth units can be bound easily, 
while the rough structure of the face is maintained This type of growth, 
which usually occurs at high temperatures, can thus be considered as con­
tinuous 
At lower temperatures growth occurs in layers growth units are integra­
ted at kinks in steps on a flat crystal face A model to demonstrate this was 
designed by Kossel (5), who represented growth units by cubes, which 
might build up the crystal The real growth unit is reduced to its centre of 
gravity and the attractive and repulsive forces are thought to work exclu­
sively between these centres Forces inside the cubes, for instance intramo­
lecular bonds, are left out of consideration 
Surface integration is illustrated schematically in Fig 1 The steps are 
the rough parts of the flat faces, they contain kinks, in which growth units 
are most easily integrated 
в 
F-ig l Integration of growth units A crystal surface, 
В step С kink D growth unit 
Two boundary layers can be distinguished at the interface solid-solu­
tion, which are discussed below 
M 
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1. It had already been postulated by Nemst (6) that a crystal, being either 
stagnant or moving with regard to the surrounding fluid phase, is separa­
ted from the bulk of it by an unstirred boundary layer, which acts as a dif­
fusion barrier. The supersaturation at the crystal surface S, is thus lower 
than the supersaturation in the bulk of the solution S. On stationary 
crystals in stagnant aqueous solutions film thicknesses between 20 and 150 
μπι were measured (7); van Kreveld (4) estimated for moving crystals and 
needles of α-lactose hydrate values of 38 and 90 μτη respectively. In vigor­
ously stirred solutions this boundary layer is very small, so that S
s
~ S. This 
is also the case if growth is very slow; mass transport through this layer is 
then so small that S
s
s:S. In both cases the growth rate is considered as 
being controlled by the surface-integration step; if S
s
 is much lower than S 
the growth rate is diffusion-controlled. 
2. Volmer (8) assumed that an adsorption layer of partly desolvated 
growth units exists on the crystal surface; this layer has a thickness be­
tween 0.001 and 0.06 μπι (7). Both layers are represented schematically in 
Fig. 2. 
Fig. 2. Supersaturalion at a growing crystal face \ = adsorption layer, С = crystal surface; 
S = bulk supersaturation; 55 = surface supersaturation, U = unstirred layer 
A growth unit, which is transferred from the bulk of a supersaturated 
solution to a kink site on a flat crystal face with steps, is thought to pass 
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through a number of intermediate stages and to surmount a number of 
free energy barriers, this is schematized in Fig. 3 (see ref 9,10). 
/TV 
s u r f a c e p lace 
/TV 
Fig 3 Schematized energv barriers that must be overcome in order that a growth unit can 
enter a kink 
As stated above, a solvated growth unit in the bulk of the solution has to 
pass a diffusion layer on its way to the crystal surface A number of diffu­
sion jumps has to be made from one equilibrium position m the solution to 
a neighbouring one, for which an activation-free energy barrier ΔΟ^,^ has 
to be overcome A solvated growth unit enters the adsorption layer after a 
partial desolvation process; as a consequence a free energy barrier ACdcsolv 
has to be passed. The partially desolvated growth unit is now a part of the 
adsorption layer; its free energy level has become lower than in the liquid 
phase. It may re-escape to the liquid phase, but it has therefore to take a 
higher barrier AGdcads If this growth unit does not escape, it takes part in 
the surface diffusion process and makes a number of diffusion jumps from 
one equilibrium site on the surface to a neighbouring one, after taking the 
free energy barrier AG .^n- Integration by entering a kink of a step may oc­
cur after overcoming the free energy barrier ΔΟ^,^ Activation of the 
growth unit before entering the kink is involved again with partial desol­
vation, even in a kink site the growth unit is half covered with a solvation 
shell (10) 
In this model, where growth occurs in kinks of steps on a flat face, com­
pletion of a layer gives a smooth face and continuation of growth thus re­
quires continuous formation of new steps Two mechanisms are known to 
achieve this: 
a. Two-dimensional nucleation, which is the formation of flat, stable clus­
ters of growth units on the surface. A randomly formed cluster of growth 
units can only serve as a two-dimensional nucleus when its size surpasses a 
critical value, indicated as r*, the critical radius of the two-dimensional 
nucleus. With г = r* the excess free energy of the cluster has a maximum 
with a value AG*. Clusters with r<r* are unstable, having a high probabi-
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lity to redissolve; only those with r>r* will expand on the surface, r* is an 
important factor in the theory of nucleation and crystal growth, and also in 
the growth mechanism discussed below. 
b. Spiral growth, in which the source of new steps is one single or a group 
of screw dislocations, these dislocations terminating in the surface with a 
screw component This model was proposed by Frank (11), when it turned 
out that growth at lower supersaturations could not be explained with two-
dimensional nucleation. Frank postulated that the ideal layer-by-layer 
construction without imperfections of a crystal is not very probable. Most 
crystals have dislocations, which may introduce steps on the faces. In par­
ticular the screw dislocation is very important, because it produces on a 
crystal surface a step which winds itself up to a spiral while growing and is 
thus self-sustaining. Some stages of the development of a spiral from this 
type of dislocation are represented schematically in Fig. 4a-4d The step is 
of about monomolecular height and moves with a constant velocity The 
face with the spiral step grows perpendicular to itself, while its area increas­
es by the growth of the adjacent faces. The spiral continues to wind up it­
self, until the curvature of its centre reaches a maximum value, which is 
equal to that of the critical nucleus for the growth conditions given. 
Fig 4a-d Development of a 
α b growth spiral 
¿ ^ 
с 
d 
Growth spirals were visualized on a large variety of crystals, both of na­
tural and synthetic varieties. A survey was given by Sunagawa & Bennema 
(12). Recently van Enckevort (13, 13a) succeeded in observing spirals with 
mono-atomic steps using phase-contrast and interference methods 
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The mathematical formulations of both growth models show certain ba­
sic similarities Each is concerned with propagation of steps across a sur­
face by attachment of growth units to step edges and therefore contains an 
expression for step velocity. Both formulations also include an expression 
for the density of the steps on the surface In the case of two-dimensional 
nucleation this is related to the rate of nucleation, in the spiral growth mo­
del to the distance between the steps. Growth rate is of course in both for­
mulations also proportional to the step height. 
Two models for two-dimensional nucleation may be distinguished, the 
mononuclear and the polynuclear model In the former no nucleation on a 
crystal layer takes place before this layer has been finished (14) Growth 
rate of such a face can be given by 
Rt = JdAt (1) 
where 
flf = linear growth rate of the face 
J = nucleation rate, defined as the number of nuclei developed per 
time and surface unit. 
d = step height 
A ( = surface area of the crystal face. 
In the latter, also called 'birth and spread' model (B + S), nucleation oc­
curs in principle everywhere on the growing face All two-dimensional nu­
clei grow on the surface until they reach each others limits or one of the ed­
ges of the face. In this model (15) the growth rate of a crystal face is given 
by 
Rf = d(\/3DJviyn (2) 
where 
ν = growth rate of the cluster along the face 
D = a constant, equal to IT for circular clusters and equal to 4 for square 
clusters 
The polynuclear mechanism is generally applicable as distinct from the 
mononuclear mechanism. Only when very small crystals are present, 
might the latter model be conceivable. 
Eq 1 and 2 may be evaluated further by introduction of theoretical or 
empirical expressions for J. The following examples were compiled by van 
Rosmalen (16). In the equations, given all В values are constants 
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An expression, derived by Hillig (17), leads for a mononuclear mecha­
nism to 
Rf = 5, (Δμ/ΑΓ)"2 exp (-AG*/kT) (3) 
and for a polynuclear mechanism to Eq (4), which was applied by Gilmer 
& Bennema(15) 
R{= ^(Δμ/ΛΓ)" 6 ·^* ' 1 " · - ψ3 exp(-1/3 IG*/kT) (4) 
where 
Δμ = the difference between the molar chemical potential of the given 
substance in the fluid state and in the crystal state, which is the fun­
damental driving force for its crystallization 
Τ = absolute temperature 
R = gas constant 
к = Boltzmann constant 
Another development of J was derived by Kaischew (18) and applied by 
Madsen (19) and by Madsen & Boistelle (20); this gives 
R(= Β^Αμ/RTf'2 εχρ(Δμ/Α7)-εχρ(-Δσ*/ΛΓ) (5) 
for a mononuclear mechanism and 
/?
r
 = Я« (Δμ/RT)* · exp (1/3 · Δμ/RT). ( e ^ ' " 7 - \fn exp (-1/3 
AG*/kT) (6) 
for a polynuclear mechanism. 
The quotient bG*/kT in Eq. 3 to 6 can be expressed in terms of Δμ/RT 
with 
ΔΟ * /kT = D (y'/kJf • (Δμ/ RT)- ' (7) 
where 
γ' = the edge free energy per growth unit in the edge of a critical nu­
cleus, 
D = w for circular clusters and 4 for square clusters. 
Instead of the expressions 3 to 6 we may also use the semi-empirical ex­
pression, proposed in ref 21· 
R
r
 = B
s
 (Δμ//?Γ)Β6 exp [-.β7/(Δμ/ΑΓ)] (8) 
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For the spiral growth a quantitative expression was given by Burton, Ca­
brera and Frank (22) and worked out by Bennema & Gilmer (23) The li­
near growth rate of a crystal face, growing with this mechanism may be 
written as the product of the step height, the step propagation velocity 
along the surface and the step density, which is the number of steps per 
unit length Whereas the step height, being a material constant, is normal­
ly independent of growth conditions, the step velocity depends on the net 
material adsorption of the step This can be considered as the difference 
between the impact flux of growth units towards and the back flux from 
the crystal surface and is represented by the factor (e^""" — 1) The step 
density, which is connected with the curvature of the spiral, is inversely 
proportional to r*, the radius of the theoretical critical nucleus and conse­
quently proportional to Δμ/RT 
The quantitative expression for this type of growth in its simplest form 
may thus be given as 
Λ
Γ
 = Β, Δμ/ΛΓ(εΔ>"κτ- 1) (9) 
which may be used under the following conditions 
(i) direct integration of growth units occurs, ι e each growth unit can find 
its kink site within a very short time, and/or 
(i) the main displacement by surface diffusion is much smaller than the 
distance between successive steps 
(и) the growth rate is not controlled by volume-diffusion 
In order to check with which of the models mentioned our experimental 
growth rates fit, we transformed Eq 4, 6, 8 and 9 Eq 3 and 5, which refer 
to the mononuclear mechanism, are not useful for the relatively large lac­
tose crystals and were therefore left out of consideration The approxima­
tion Δμ/RT = In S (ref 24) was introduced and Eq 7 was written as 
(\G*/kT) = Д8/1п S (7a) 
Introduction of the above approximation and Eq 7a in Eq 4, 6, 8 and 9 
gives the following expressions, in which the A values are constants, so that 
the linear growth rate Rf is only a function of the supersaturation S 
Л
г
 = /4 |(1п5,),/6 ( 5 - I ) 2 ' 3 exp (-Aj/ln S) (4a) 
Rf = A3(lnSy· exp(l/31nS) ( 5 - I ) 2 ' 3 exp(-A4/lnS) (6a) 
R( = Ai (In 5^6 exp(-A7/lnS) (8a) 
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R
r
 = A
s
(S-l)\nS (9a) 
As mentioned above, Eq 4a, 6a and 8a refer to surface nucleation models 
and Eq. 9a to the BCF model Because at lower values of 5 In S~S — I, 
the BCF curve may be considered here as a parabola Fig 5 gives the sha­
pe of the curves for the theoretical relations between /?
r
 and the driving 
force Δμ/ΛΤΤοΓ both growth mechanisms (21) Where both curves inter­
sect, a gradual transition from the BCF to the birth-and-spread mecha­
nism occurs, the spiral is here more or less overgrown with nuclei 
The constants/1,, A}, Аь лпаАц in the above equations are proportional 
to exp (—AGdcsoiv/Är), where ACd(.solv is the molar activation-free energy 
for desolvation, thus for entering the adsorption layer (25) 
In the case of α-lactose hydrate deviations from the usual growth models 
are made possible by the presence of a large excess of /J-lactose in the solu­
tion and thus in the adsorption layer Michaels & van Kreveld (3) and van 
Kreveld (4) found that /3-lactose causes strong growth retardation for the 
—b and the с directions of the crystal, whereas growth in the + b and the a 
directions was less retarded The authors explained this phenomenon for 
the —b and the с directions by the fact that a- and /8-lactose molecules 
have the same ^-galactosyl moiety At crystal faces which accept these ß-
galactosyl groups there will be competition for integration between β- and 
/Mactose molecules and, once integrated the latter will stop further 
growth At other faces temporary adsorption of part of the /Mactose mole­
cules seems possible, owing to the strong structure resemblance of the ano-
mers 
We think that particularly growth on the (100) faces, which needs 
spread of two-dimensional nuclei and/or extension of growth spirals, both 
in the b- and c-directions, might be influenced by competitive attachment 
of /Mactose Such an influence is probably less pronounced for the (010) 
face, which, according to the above authors, accepts the 4-0-glucose group 
of the α-lactose molecule When this is true, the /i-molecules will not fit at 
the crystal lattice of the nuclei or the advancing growth step on this face 
and can only be absorbed temporarily Growth retarding by /3-lactose 
might be therefore much less than on the (100) face 
3 Design of the experiments 
Growth temperatures were chosen in the range 20-60 0 C, which is very im­
portant in industrial crystallization of lactose As described in Section 1, 
we aimed at such growth conditions that measurable growth proceeds in a 
reasonable time without too abundant a formation of false grain At all 
temperatures this could be achieved between S = 1 IS and 1 75 Lower va-
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lues of S could be used in combination with the highest temperatures, 
whereas at the lowest temperature some experiments with higher supersa-
turations were set up 
A possible influence of volume diffusion was checked with two experi­
ments at higher supersaturations by rotating the flasks This enhances 
mass transport conditions, by which diffusion-controlled growth rates have 
to be enlarged, growth rates controlled by the surface-integration step are 
not changed 
4 Materials and methods 
Growth experiments were carried out with solutions of non-ionic lactose 
(1) in deminerahzed water, the monocrystals to be grown also consisted of 
non-ionic lactose Growth was measured by the photomicroscopic method 
of van Kreveld & Michaels (2), as described in (1) The experiments were 
performed at temperatures of 20,30,40, 50 and 60 0C with various concen­
trations Growth times chosen varied between 16 and 293 hours at 20 0C 
and 1 to 160 hours at 60 "С Growth rates were measured of the (100) and 
(010) faces, representing growth in the a- and + b directions of the a-lac­
tose hydrate crystal Most experiments were carried out in sixfold 
Two experiments were carried out with monocrystals in moving flasks 
The normal flasks, each with one monocrystal in the supersaturated solu­
tion, were placed in clamps on a disc, which was fixed to a tilted laboratory 
stirrer, having an angle of about 20° with the vertical The disc was rotated 
intermittently at 30 rpm in a water bath 
5 Results 
5 1 General 
For the solutions used, in which a- and ß-lactose were in mutarotation 
equilibrium, the supersaturation of α-lactose was calculated with Eq 10, 
derived from ref 24 
s = (10) 
C,-FK
m
(C-Ct) 
where 
С = total lactose concentration, expressed as g anhydrous lactose per 
100 g water 
C, = final solubility of lactose, expressed as g anhydrous lactose per 100 
g water 
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F = a temperature dependent factor for depression of solubility of a-
lactose by Д-lactose. Values of F are given in ref 24 
K
m
 = β/α ratio of lactose in mutarotation equilibrium 
Values of C
s
 were derived from ref 24, Table 1, column 3, those of F were 
interpolated from the values of Table 2 of the same reference Values of 
K
m
 were interpolated from the data of Roetman & Buma (26) The values 
employed for calculating 5 at our measuring temperatures, are given in 
Table 1. 
Table 1 ValuesofC
s
,Fand A;
m
 employed forcalculalingS 
Temperacure 
(»О 
20 
30 
40 
50 
60 
C
s
 (g anhydrous 
laclóse per 
100 g water) 
19 10 
24 81 
32 75 
43 46 
58 40 
F 
0 030 
0 038 
0 048 
0 066 
0 074 
* m 
159 
157 
155 
152 
150 
Tables 2-6 contain the results of the growth experiments Mean values 
for growth of the faces (100) and (010) are given with their standard devia-
tions and the number of measured values, mean growth rates given were 
rounded off as described in ref 27 Because an α-lactose hydrate crystal 
has two equivalent (100) faces and only one (010) face, the numbers of 
growth rate values of the latter face are roughly half that of the former one 
Not every growth experiment led to a reliable result Some crystals were 
damaged during growth or handling, and in addition about 10% of the 
growth rates measured had to be considered as 'abnormal' because of too 
large a deviation from the other members of the population of correspond­
ing values. This phenomenon will be discussed in Section 5 5 These ab­
normal results were not used for calculations 
In what follows we shall try to fit our values with one or more of the 
theoretical equations 4a, 6a, 8a and 9a 
5.2 Influence of volume diffusion 
This was not examined extensively Two experiments with rotating flasks 
were earned out at higher supersaturations 
One experiment was performed al 20 "С in order to check whether the 
growth rates measured in the normal experiments in this supersaturation 
range may be used for calculations with Eq 4a, 6a and 8a Table 2 shows 
that the results of these experiments did not differ significantly from those 
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Table 2 Growth rales of laclóse al 20 "С 
С (g anhydrous 
lactose per 
100 и water* 
2194 
2241 
22 97 
23 72 
24 66 
25 60 
27 46 
29 33 
31 19 
32 14 
33 05 
33 99 
33 99* 
34 91 
S 
1 157 
1 183 
1214 
1256 
1309 
1362 
1468 
1576 
1684 
1 739 
1793 
1 848 
1848 
1903 
Λ
ιοο 
number of 
measure­
ments 
10 
II 
9 
10 
12 
8 
10 
10 
8 
11 
8 
10 
8 
8 
growth rate 
((/un/h) 
007 + 002 
0 10 ± 0 02 
0 13 + 002 
0 18 + 003 
027 ± 0 0 5 
041 + 0 0 7 
0 70 ± 0 12 
1 34 ± 0 16 
20 ± 0 2 
21 ± 0 2 
2 67 ± 0 14 
29 ± 0 3 
3 1 ± 0 4 
33 ± 0 3 
Лоіо 
number of 
measure­
ments 
5 
6 
6 
6 
6 
6 
5 
5 
5 
6 
5 
4 
5 
4 
growth rate 
(/un/h) 
0 46 
071 
107 
15 
21 
29 
50 
71 
102 
126 
16 1 
188 
18 7 
213 
± 0 0 7 
± 0 0 8 
± 0 10 
± 0 2 
± 0 2 
± 0 2 
± 0 5 
± 0 5 
± 0 4 
± 1 5 
± 0 5 
± 2 0 
± 1 1 
± 1 1 
* Flask rotated 
Table 3 Growth rates of lactose at 30 "C 
C(gan 
lactose 
lOOgw 
28 79 
29 53 
30 27 
3125 
32 49 
33 71 
36 16 
38 62 
4104 
hydrous 
per 
/ater) 
S 
1 172 
1204 
1 237 
1280 
1335 
1 389 
1499 
1611 
1722 
Л100 
number of 
measure-
mcnts 
10 
8 
15 
19 
12 
12 
10 
20 
10 
growth rate 
Oim/h) 
0 26 ± 0 0 5 
0 32 ± 0 0 6 
0 4 7 ± 0 1 1 
0 62 ± 0 15 
0 87 ± 0 12 
14 ± 0 3 
2 1 ± 0 3 
32 ± 0 8 
47 ± 0 8 
Λοιο 
number of 
measure­
ments 
6 
5 
8 
10 
7 
5 
5 
10 
6 
growth rate 
Oim/h) 
159 ± 0 12 
21 ± 0 2 
3 1 + 0 5 
45 ± 0 5 
58 ± 0 4 
80 ± 0 2 
13 5 ± 1 0 
19 1 ± 1 0 
29 ± 5 
of the normal experiment with the same supersaturation, so that in this 
case the surface integration step may be assumed as rate-determining 
Another experiment was performed at 60 0C, where growth rates with 
higher supersaturations were lower than expected From a theoretical 
point of view (Fig 5) growth rates in the В + S domain have to be higher 
than those calculated with the BCF formula (Eq 9) It can be seen, how­
ever, from Fig 7 that some points, representing growth of the (010) faces 
at 60 0C are situated below the BCF line, extrapolated from the growth ra­
tes at lower supersaturations We therefore carried out a rotating-flask ex-
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Table 4 Growth rates of lactose at 40 "C 
С (g anhydrous 
lactose per 
100 g water) 
37 71 
38 68 
39 64 
40 93 
42 53 
44 12 
47 31 
50 48 
53 65 
S 
1 165 
1 197 
1230 
1273 
1 328 
1376 
1494 
1606 
1720 
Л100 
number of 
measure­
ments 
12 
8 
10 
12 
10 
11 
12 
11 
8 
growth rate 
(μιη/1ι) 
061 ± 0 11 
0 83 ± 0 20 
1 02 ± 0 16 
16 ± 0 3 
22 ± 0 3 
33 ± 0 5 
60 ± 15 
92 ± 15 
II ± 3 
Лою 
number of 
measure 
ments 
6 
5 
6 
5 
5 
6 
6 
6 
5 
growth rate 
(jtm/Ъ) 
3 43 ± 0 14 
52 ± 1 1 
72 ± 04 
104 ± 0 8 
14 7 ± 0 5 
22 5 ± 1 7 
36 ± 3 
50 ± 4 
75 ± 6 
Table 5 Growth rales of lactose at 50 "C 
С (g anhydrous 
lactose per 
100 g water) 
45 98 
47 06 
48 11 
50 25 
5152 
52 79 
54 49 
56 60 
58 73 
62 92 
67 10 
7127 
5 
1064 
1092 
1 119 
1 175 
1 208 
1241 
1287 
1 343 
1401 
1516 
1633 
1753 
Ä10O 
number of 
measure 
ments 
10 
10 
8 
12 
11 
11 
9 
12 
12 
12 
10 
8 
growth rate 
(μπί/ΐΐ) 
0 1 8 ± 0 0 4 
0 28 ± 0 09 
06 ± 0 2 
121 ± 0 16 
2 1 ± 0 3 
23 ± 0 2 
32 ± 0 4 
47 ± 0 6 
64 ± 0 9 
13 8 ± 1 8 
19 2 ± 1 5 
36 ± 3 
Λοιο 
number of 
measure 
ments 
5 
5 
4 
6 
6 
6 
5 
6 
6 
6 
6 
5 
growth rate 
Oim/h) 
139 
2 14 
40 
86 
125 
164 
23 
35 
54 
83 
119 
187 
± 0 12 
± 0 13 
± 06 
± 04 
± 1 1 
± 16 
± 3 
± 2 
± 2 
± 11 
± 18 
± 18 
périment with S = 1 626 In this case the growth rates were significantly 
higher than those of the normal experiment (Table 6) and the growth rate 
of the (010) face was now somewhat mgher than the corresponding theore-
tical ВСГ value (Fig 7) It is thus clear that with these experiments growth 
at higher temperatures and supersaturations may be governed by volume 
diffusion 
5 3 Spiral growth 
From a theoretical point of view we expect that at low values of 5 the 
growth mechanism is spiral growth crystals will grow without formation 
of two-dimensional nuclei This 'pure BCF growth' is represented by Eq 
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Table 6 G rowth rates of lactose at 60 "C 
С (g anhydrous 
lactose per 
100 g water) 
6001 
6122 
62 26 
64 04 
66 23 
66 85 
68 44 
7048 
74 48 
78 01 
83 85 
89 36 
89 36' 
94 83 
5 
1031 
1054 
1074 
1 108 
1 151 
1 163 
1 195 
1235 
1316 
1388 
1509 
1626 
1626 
1745 
Л100 
number of 
measure­
ments 
11 
12 
9 
12 
11 
10 
10 
11 
8 
10 
10 
11 
11 
10 
growth rate 
Oim/h) 
009 
0 34 
0 76 
13 
26 
30 
39 
65 
11 
18 
26 
40 
48 
59 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
± 
0 03 
004 
0 12 
03 
04 
04 
05 
09 
2 
3 
4 
3 
9 
11 
Ä0I0 
number of 
measure-
ments 
6 
4 
4 
6 
6 
4 
5 
5 
5 
6 
5 
6 
5 
5 
growth 
(/im/h 
< 0 06 
152 
44 
97 
179 
23 3 
29 
44 
79 
116 
169 
245 
278 
299 
rate 
) 
± 008 
± 09 
± 15 
± 08 
± 05 
± 2 
± 5 
± 4 
± 10 
± 14 
± 10 
± 17 
± 19 
* Flask rotated 
ΔΛΙ/RT 
Fig 5 Theoretical growth rates with surface nucleation and with spiral growth -
in dependence upon the driving force of crystallization 
9a. With higher supersaturation surface nucleation may start, by which 
Eq 9a could no longer be valid. 
Most of our experiments in the domain of relatively low supersaturation 
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were performed at 50 and 60 "С (Section 3), so that the validity of Eq. 9a 
can be tested most easily with growth rates obtained at these temperatures 
In fig. 6 the values of A,,,,, of Table 5 and 6 were plotted as functions of 
the product (5 — 1 ) In 5, the same was carried out in Fig 7 with the Ä0|0 va-
lues of the above tables. In both figures with lower values of (S — 1) In S li-
near relationships are found between each growth rate and (5 — 1) In S 
This proportionality holds at least up to (S — 1) In S = 0.10, which corres-
ponds to S ss 1 35. At any rate there is a large domain of S values, where 
Eq. 9a is valid. 
Fig 6 Growth rates of the (100) face, φ 50 "С, Χ 60 "С stagnant flasks, Δ 60 °C flasks ro­
tated 
In Fig 8 and 9 the growth rates of Table 2, 3 and 4 were plotted in the 
same way. At these temperatures (20,30 and 40 0C) no growth experiments 
were carried out at values of S lower than 1.15, but it is clearly visible from 
the figures that the above proportionality also exists at lower temperatures 
and that it terminates in the same domain of S. 
From the growth rates of Tables 2—6 and the corresponding values of 
(5—l)ln 5 the values of Λ8 were calculated for the various temperatures, 
using the points for which the above proportionality holds. The results are 
given in Table 7 
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Fig 7 Growth rates of the (010) face, φ 50 0 C, χ 60 "С stagnant flasks, Δ 60 "С flasks ro­
tated 
Fig 8 Growth rates of the (100) face, O 2 0 o C stagnant flasks, Δ 20 4 : flasks rotated, 
φ 30 »С, Χ 40 "С 
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F-ig 9 Growth rates of the (010) face, O20 o C stagnant flasks, Д20 о С flasks rotated, 
φ 30 »С Χ 40 »С 
Table 7 Calculated values of 4 g (Eq 9a) 
Temperature 
(0C) 
20 
30 
40 
50 
60 
Face 
(100) 
(010) 
(100) 
(010) 
(100) 
(010) 
(100) 
(010) 
(100) 
(010) 
Highest S value 
used 
1362 
1 362 
1335 
1389 
1328 
1328 
1401 
1343 
1316 
1316 
A» 
3 33 
25 1 
9 02 
ÛI 3 
23 4 
153 
46 2 
324 
125 
882 
ΙηΛβ 
1202 
3¿¿¿ 
¿.ω 
4 116 
3 154 
5 030 
3 833 
5 780 
4 828 
6 782 
ACdes0|V, the activation free energy for entering the adsorption layer can 
be determined for lactose by making an Arrhemus plot In At versus Γ
-1 
Because /l
e
 is proportional to exp (—AGdeso|Y//?7") this plot must give a 
straight line with slope -AGdeso]v//?, so that ACdeso|V can be calculated 
This plot was made with the values of At for both the (100) and the (010) 
face and is given in Fig 10 The least square method gave the following 
equations 
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3 31 3 2 3 3 3 4 3 5 Ι Ο Ο Ο Τ " 
Fig 10 Arrhemusploloí\48,0(lOO)growthvalues, x (010) growth values 
1ηΛ8 = 30 74-8652 Г-
1
 for the (100) face and 
In At = 32.51 - 8600 Г"
1
 for the (010) face. 
The slopes of both lines are almost equal, so that we use a mean value 
This gives: 
Δ<Λι«οΐν = 8626 R = 72 к I mol-1 
This agrees very well with values for sucrose, given by Albon & Dunning 
(28), Smythe (29) and Bennema (30), which vary between 63 and 70 kJ 
mol-1. The value 42, measured by Devillers (31) and that of 34, measured 
by Smythe (29) at higher temperatures must be due to the influence of vo­
lume diffusion 
Expressions for growth rates of both faces up to 5 « 1 35 are obtained by 
introduction of the above temperature-dependent values of А% into Eq. 9a, 
this leads to 
Rl0O = exp (30 74 - 8652 Г"1) · (S- 1) In SOT 
R[00 = 2 2-10
13
ехр(-8652Г-1) ( 5 - 1 ) In 5 (11) 
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Roto = exp (32 51 -8600 Γ"1) ( S - 1 ) In Sor 
Ло,о= 13 IO14 exp(-8600 Г"1) ( S - 1 ) I n 5 (12) 
5 4 Growth with intermediate and high supersaturations 
It can be seen from Fig 6-9 that growth rates measured with S > 1 35 are 
generally not proportional to (S — 1) In S, the growth mechanism is here 
thus not 'pure BCF' Growth rates with higher supersaturations may be 
described better by one of the equations 4a, 6a and 8a, which refer to the 
В + S model 
Because the deviations from pure BCF growth do not occur at a well-de­
fined supersaturation (see Table 7), we will start testing the birth-and-
spread models at supersaturations of about 1 5 and consider for the time 
being the domain between S » 1 35 and S » 1 5 as intermediate For the in­
terpretation of growth at high supersaturations we used the six values of 
both Λ,οο and R^^, measured at 20 0C with S > 1 5 (Table 2), the values 
with the rotating-flask experiment were not used Because these values are 
not influenced by volume diffusion (Section 5 2), they may be used for the 
present study 
The above-mentioned equations were written in the logarithmic form 
lnÄf = ln/t, + 1/6 In In S + 2/3 In ( 5 - l ) - A 2 / l n S (4b) 
InÄf = 1п/1з + ' ¿ l n l n S + l /31nS+ 2/3 l n ( 5 - 1 ) - A./lnS' (6b) 
Intff = In ^ 5 + Α<,\τί\ηΞ-Κ
η
/\η.8 (8b) 
Values of In A, and of A^ were determined according to a least square pro­
gramme, using In Rf — 1/6 In In S — 2/3 In (S — 1) as a function of 1/ln S 
Values of In Λ3 and of A^ were obtained in a similar way, using In Äf — 
'Λ In In 5-1/3 In S-2/3 In (S-l) as the dependent variable Values of In А
ь
, 
Af, and Α
η
 were calculated with the 'Statsyst' programme of a General 
Electric computer It turned out in this case that the computer did not need 
the third term of the right-hand side of Eq 8b, because the values of In R{ 
could be explained for about 99 % by the first and second term of this 
equation Α
Ί
 can thus be considered as zero 
The values ΓΟΓΛ,-Λ,, calculated from the growth rates of both faces at 
20 0C and higher 5 values, are given in Table 8 In order to check which of 
the equations (4), (6) and (8) fits best with our growth rates, the values cal­
culated for^|-/47 were introduced and growth rates for both faces were 
calculated with these equations for every value of S used The results are 
given in Table 9 It turns out that the measured growth rates are in good 
agreement with the values calculated with each of the equations men­
tioned above 
Values for y'/kT, the dimensionless edge-free energy per growth unit m 
7-7 
the edge of a critical nucleus, may be calculated from the values obtained 
for Λ, of ^4· 
From the equality of the exponential functions of Eq. 4 and 4a it follows 
that 
А
г
= l/3bG*/kT\TiS (13) 
Introducing Eq. 7 and setting Δμ/RT = In 5 gives 
A2 = }/3D(y'/RTf (14) 
or 
y'/kT=(3A2/DT (14a) 
A similar calculation may be carried out, starting with the exponential fac­
tors of Eq. 6 and 6a; this gives y'/kTas a function oiA4. Using for D a va­
lue of 3.6 as average between π and 4, four values for y'/kTwere calcula­
ted. For the (100) face we calculated from A2 and AA γ '/kT = 0.85 and 0.72 
and for the (010) face 1.03 and 0.91 respectively. In view of the uncertainty 
in A2, ΑΑ and D we summarize these values as (y'/kT)m = 0.8 and 
(y'/kT^fo = 1.0. No values for y'/kToîother sugars could be found in the 
literature, so that we cannot compare these results with those of related 
compounds. 
Part of our experiments was carried out at higher temperatures with 
£ > 1.35 and might therefore be described by one of the equations 4 or 6. 
The factors А
Г
А
А
, which were determined with growth experiments at 
20 0 C , can also be used to calculate growth rales at higher temperatures in 
this supersaturation domain. Whereas А
г
 and Л 4 are independent of tem­
perature, Л, and/із are proportional to exp(—A(7dew|V//?7*) and thus can be 
calculated from the corresponding values at 20 0 C (Table 8). For calcula­
tion of the growth rates at higher temperatures and supersaturations we 
prefer using Eq. 4a, which is simpler and also gives for growth rates at 
20 0 C about the same values as Eq. 6a. 
Expressions for growth rates of both faces in the В + S domain can be 
obtained by introducing into Eq. 4a the corresponding constant values of 
А
г
 and temperature-dependent values of Л,, calculated from the corres­
ponding values at 20 0 C (293.1 K). The above mentioned proportionality 
gives for Α ι as a function of temperature 
A¿n = At™ » · exp (8626/293.1 - 8626 Г"1) or 
Л,'
7 1
 = 6.0-IO1 2·/!,'2 9 3 1»-exp (-8626 Г"1) (15) 
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The above introduction into Eq. 4a gives 
А,0О = 6.0 10
1 214 5ехр(-8626Г- 1 ) (1п5)1/6 (S-lfn exp(-0 86 
ln-15)or 
Λ
ιοο
 = 8.8 · IO13 (In S)"6 • (S- I)2 '3 · exp (-0.86 In-'S) · exp(- 8626Г-1) 
(16) 
Яо,0 = 60-IO
1 2
· 166 exp (-8626 Γ"1) (InS)"6 · ( 5 - I)2'3 exp (-1.23 
ln-1S)or 
Ло,0 = L O - l O ^ O n S V - Î S - l ^ - e x p i - L l S l n - ' S ) exp(-8626 Γ"1) 
(17) 
Table 8 Values calculated for A
 r
A1 at 20
 0 C 
Face A\ Ai A-¡ Ai As Af, Αη 
(100) 14 5 0 86 9 16 0 61 10 3 2 58 О 
(010) 166 123 102 0 96 90 8 3 28 О 
Table 9 Comparison of measured and calculated values of R юо and /{OIO­
'S Яки Лою 
measured calculated with Eq measured calculated with Eq 
1576 
1684 
1 739 
1793 
1848 
1903 
134 
20 
21 
2 67 
29 
33 
4b 
132 
19 
23 
2 59 
29 
33 
6b 
1 32 
19 
22 
2 59 
29 
33 
8b 
135 
19 
22 
2 57 
29 
33 
71 
10 2 
12 6 
16 1 
188 
213 
4b 
67 
108 
13 2 
15 7 
184 
212 
6b 
67 
108 
13 1 
15 7 
184 
213 
8b 
69 
10 7 
130 
156 
18 4 
214 
With Eq. 16 and 17 we calculated К
ш
 and Ä0|0 at various values of S for 
the temperatures used, the growth rates calculated are given in Fig 6-9 as 
a function of the product {S — 1 )ln 5 as dotted lines 
It can be seen from Fig. 8 and 9 that at 30 and 40 0C most of the growth 
rates measured agree reasonable well with the corresponding calculated 
values. In most cases the difference is less than the standard deviation of 
the measurement. At 50 "C part of the values agrees, but in some cases 
(Ä100 with (5 - 1 ) In 5 = 0.31 and Л0 |0 with (S - 1 ) In S = 0.42) the differ­
ence is somewhat larger than the standard deviation At 60 0C only the Rl00 
value with (5 — 1) In S = 0.21 and the R
m
 and Л0 |0 values obtained with 
the experiment with rotating flasks correspond with the dotted lines; the 
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other values measured are much lower than the corresponding calculated 
ones 
There is strong evidence that these deviations are caused by the diffu­
sion barrier, which can be lowered by moving the liquid with regard to the 
crystal (Section 2) The surface supersaturation S
s
 is thus probably dis­
tinctly lower than in the bulk of the solution (Fig 1) An estimate of 5S can 
be made by introducing into Eq 16 or 17 values of volume diffusion con­
trolled growth rates and calculating the corresponding values of S, these 
are the values of the surface supersaturation 55. In this way we calculated 
by trial and error the surface supersaturations S
s
(m)
 and 5S
( 0 , 0 )
 for the high­
est growth rates at 60 0 C with stagnant flasks 
This gave, for S = 1 626, S
s
<l00> = 1 547 and S
s
<010> = 1 589 and, for S = 
1 745, S
s
<100> = 1 649 and Sy010» = 1 631 In both cases the Rvalues calcula­
ted from the growth of both faces were thus about the same This can be 
explained by assuming a constant α-lactose concentration at the boundary 
of the adsorption layer around the crystal Because the (010) face grows 
much faster than do the other faces, of which for instance the large (0Ï1) 
faces do not grow at all, a continuous transport of α-lactose molecules 
must occur around the crystal towards the faster-growing faces Obviously 
a diffusion barrier will thus influence growth rates of all faces and not only 
those of the fastest-growing ones 
We estimate that at 60 0 C growth rates are influenced by the diffusion 
barrier if they are over 40 ßm/h for the (100) face and over 200 /im/h for 
the (010) face Eq 16 and 17, which give reasonable approximations for low-
er growth rates, are not merely usable when growth is diffusion-con-
trolled 
It can be seen from Fig 6-9 that the proportionality between R and (S — 1) 
In S terminates in most cases at S « l 35 We therefore expect that the 
transition between both growth mechanisms for growth of the (100) face 
occurs between S = 1 35 and 1 43, as was given by the intersections of the 
BCF and В + S lines For the (010) face is possibly a transition domain 
present between S ~ l 35 and и 1 55, where growth is neither pure BCF, 
nor pure В + S 
5 5 Abnormal growth rates 
As was stated in Section 5 1, about 10 % of our growth rate values was not 
used because of too large deviations from the population of corresponding 
growth rates Deviating values can be both higher and lower than those 
measured under the same conditions of temperature, supersaturation and 
time We will give some examples 
1 t = 20 0 C, S = 1 576 We measured for R ^ the following values 7 1, 
6 7, 6 6, 7 7, 7 4, and 5 4 μπι/1ι Omitting the value 5 4 we find for five va-
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lues Rflio = 7 1 ± 0 5 , with this value the result would become 6 8 ± 0 8 
2 t = 50 0C, S = 1 516 For R100 was measured 10 8, 15 8, 12 5, 15 0, 12 5, 
13 3, 14 1, 15 8, 15 8, 15 0, 11 6 and 19 1 fim/h Omitting the value 19 1 we 
f indR 1 0 û= 13 8 ± 1 8, with this value the result would be 14 ± 2 
3 t = 30 °C, S = I 204 For R100 was measured 0 25, 0 36, 0 25, 0 36, 0 30, 
0 41, 0 25, 0 36, 0 15 and 0 20 μηι/1ι Without the values 0 15 and 0 20 we 
find R1 0 0 = 0 32 ± 0 06, with these low values we find 0 29 ± 0 08 
4 It did not appear with one expenment that the (010) face grew out of exist­
ence, because the growth rate of the adjacent faces did not keep up with 
that of the (010) face 
We cannot give a reasonable explanation for these phenomena, which 
occur under various circumstances These deviations are beyond the natu­
ral spread between growth rates, caused by slight variations in experimen­
tal conditions This problem might be approached more systematically by 
measuring growth as a function of time, for instance in a growth cell, but 
for lactose this seems to us very difficult because of its relatively slow 
growth 
The results of Human (32), who measured growth of potash alum crys­
tals, show a much larger dispersion, due to this it was even impossible to 
establish the relevant growth mechanism Growth as a function of time 
appeared to be very irregular and was sometimes completely stopped Un­
til now an explanation of these phenomena cannot be given 
6 Conclusions 
Growth rates of α-lactose hydrate crystals in equilibrated lactose solutions 
can be described with the BCF model up to S « 1 35 and can be calculated 
with Eq 11 and 12 With 20 0 C and 5'> 1 5 Eq 4a and 6a, which respresent 
В + S models, and the semi-empirical expression (8a) hold with few mu­
tual differences The В + S expressions may be used for all temperatures 
employed for Rl00 with S > 1 35 and for A0 |0 with 5 > 1 55 Possibly be­
tween S = 1 35 and S ~ 1 55 for growth of the (010) face a transition domain 
exists, where none of the above growth mechanisms holds 
From the growth rates m the BCF domain the value of ACde,0]V for lactose 
was calculated This was between 20 and 60 1 С 72 kJ mol - 1 and indepen­
dent of temperature 
From the growth rates measured with S w l 5 and higher, values of 
γ'/кТ for both the (100) and (010) face were calculated, because some 
data are not very certain, the values obtained are not better than estimates 
The diffusion-controlled growth rates give an indication that the effec­
tive supersaturation at the boundary of the adsorption layer is the same for 
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different faces, so that no exhaustion occurs in the vicinity of a fast-grow-
ing crystal face. 
About 10 % of the values measured cannot be used because of too large 
deviations from the populations of'normal' growth rates. 
At the end of Section 2 it was thought that the growth rates of the (100) 
faces might be influenced by competitive attachment of /J-lactose mole-
cules at these faces. However, the results of the growth experiments do not 
confirm this supposition. It is true that Ä100 is in practically all conditions 
less than Ä0|0, but the picture is everywhere the same: there are no relative 
deviations with high values of Tand S, where the /S-lactose concentration 
is high. Apart from the slow rates, crystal growth of α-lactose hydrate be­
haves as if there was no /S-lactose in the system. 
This is in accordance with the measurements of van Kreveld (4), who 
found a growth inhibition by ß-lactose that was practically constant above 
a concentration of about 15 g /J-lactose per 100 g water. This is the case 
with almost all the experiments of the present work, only those at 20 0C 
and the lowest supersaturations have a somewhat lower /Mactose concen-
tration. 
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Summary 
The morphology of the α-lactose hydrate crystal was derived, by using the values of d
nh nk „,, 
P'nh'nk ni a n d @ri „* „( for possible crystal faces The latter methods, which are based upon the 
known crystal structure, gave exactly the same morphological order of the faces, whereas the for­
mer method, in which only the lattice constants are used, gave a somewhat different result 
Since, however, both results strongly deviate from the real morphology, a new method was de­
veloped, which is based upon EJJ
 nk „, and which lakes into consideration the blocking of part of 
the growth sites by /?-lactose The morphological order obtained with this method is in reasonable 
accordance with the observed morphology 
1 Introduction 
1.1 Aim and outline of the paper 
Every crystal probably comes into existence as a spheric nucleus of some hun­
dreds of molecules, atoms or ions. In a further stage of its growth more or less 
plane crystal faces will develop and the crystal obtains its definite growth 
form with characteristic faces. 
A question of considerable interest in the field of crystal growth is the deri­
vation of the morphological importance (M.I.) of the faces which determine 
the growth forms of crystals. The M.I. of a crystal face or crystallographic 
form can be defined as a statistical quantity for its relative frequency and size 
in a crop of crystals. The higher the M.I. of a growth form, the larger the size 
of the faces and the higher the frequency of occurrence. 
The M.I. can be derived from the internal structure of the crystal under 
consideration. In the older morphological literature the interplanar distance 
d
nh nk „,, corrected for the extinction conditions of the space group, was used as 
a criterion, according to the rule: the larger а
пНпкпІ
, the larger the M.I. (Ref. 
1-4). 
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At present, one first determines the so called F slices, here the PBC theory 
of Hartman & Perdok (5) provides the necessary tools The F slices are paral­
lel to possible crystal faces Next one has to find out the relative importance 
of crystallographic forms corresponding to these slices In the Hartman-Per-
dok theory, the value Es,iCC is usually employed as a criterion for the M I of 
the corresponding face according to the rule the larger £ a , M , the larger the 
M I In this paper we will also use the dimensionless critical temperature & 
for the order-disorder phase transition of the corresponding Ising net or F 
slice as a criterion the larger Θ0, the larger the M I 
It is the aim of this paper to explain the morphology of α-lactose hydrate 
crystals In order to determine this morphology, we will present the results of 
the following programme 
(1) Determine the bonds between the lactose molecules formed during the 
crystallization process (Section 2) 
(2) Determine the F slices or two-dimensional connected nets (Section 3) 
(3) Determine d^nkni (Section 4) 
(4) Determine f ^ (Section 5) 
(5) Determine ^, (Section 6) 
(6) Compare the predicted and observed morphology (Section 7) 
/ 2 Hartman-Perdok theory, determination of F slices 
The Hartman-Perdok (HP) theory was developed about 25 years ago at the 
University of Groningen (5-9) From the point of view of modern statistical 
mechanical surface and growth models it can be said that the HP theory gives 
the necessary tools to determine the F slices or connected two-dimensional 
nets, which determine the crystal growth forms to be explained below 
The following steps have to be earned out to determine the relevant nets, 
according to the HP theory or method 
1 Reduce the real crystal structure to a crystal graph ι e a set of points cor­
responding to centres of gravity of molecules with connections between the 
points, these connections consist of intermolecular bonds Since only inter-
molecular bonds formed during the crystallization process are relevant, intra­
molecular bonds can be neglected and hence molecules can be reduced to 
centres of gravity 
2 Determine the connected planar nets It must be possible to partition the 
whole crystal graph into a stack of independent parallel connected nets In 
other words the whole crystal is divided into sets of F slices Each set is paral­
lel to a possible crystal face and each slice has a thickness d
nhnknl, which can be 
calculated from the lattice constants and the indices of the face under consid­
eration 
3 In order to check the completeness of a set of F slices Periodic Bond Chains 
(PBCs) may be used A PBC is an uninterrupted chain of connections with a 
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period of the crystal lattice An F slice or a connected net consists of at least 
two sets of different interconnected PBCs 
4 Determine Eslice from the relevant bond energies For each net the follow-
ing relation holds 
^nhnkni + 4ìhTiknl= E" ( 1 ) 
Here ££Ì"it ^ is the bond energy per molecule of a two-dimensional slice with 
the thickness dnhnknland £^
я|кл/ is the attachment energy, which is the energy 
per molecule of the bonds cut by the boundary of adjacent slices Hartman 
posed the hypothesis that £>" is a measure of the growth rate in general and 
that for F faces it is proportional to the growth rate ECT is the crystallization 
energy or the lattice energy per molecule This is a bulk property, as distinct 
from E*^"^, and ΕΊ,'"^ „,, which depend on the particular net (10) We shall 
use both energies in the dimensionless form 
We shall check for α-lactose hydrate the criterion for the M I as used by 
Hartman and others the larger £S|IC£ the larger the M I This criterion can be 
justified by using modern crystal surface and crystal growth models for simple 
crystals (11) 
1 ? Tetrahedron model 
Using a statistical mechanical Ising formalism, where all particles of a crystal 
are either in a solid or in a fluid state, we will consider a crystal structure con­
sisting of a three-dimensional network of identical tetrahedra (12) These te-
trahedra are connected to each other by corners or edges, have a π-molecule 
in the centre and X-molecules at the edges (where X stands for α, β, γ and ό) 
Such a structure may be replaced by another structure without π, according to 
the scheme given in Fig 1 (12) This implies that the set of jr-X bonds may be 
replaced by X-Y bonds (where also Y stands for α, β, γ and ó) In addition a 
four-point energy has to be taken into account in the jr-free tetrahedron This 
four-point energy belongs to the whole tetrahedron and can be considered as 
a kind of field The replacement is based on the principle that the partition 
function of both structures must be equal (12) 
Fig 1 Tetrahedron transformation 
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We shall apply the results of this general formalism to the α-lactose hydrate 
crystal, in which each water molecule is surrounded by four lactose mole­
cules We will thus consider α, β, γ and ò as identical lactose molecules and π 
as a H 2 0 molecule If all π-Χ bonds are taken equal to Φ, where Φ is a bond 
energy divided by kT, we obtain the following expressions for the X-Y bonds 
(12) ' 
<í>XY=1/4lncosh2«í> (2) 
and for the four-point energy 
Φαβγο = л In (cosh 2Ф - совЬФ) (3) 
Applying the tetrahedron transformation we obtain a new lactose structure 
without water molecules This gives a simplification of the crystal structure, 
since upon applying a HP analysis we do not need to worry about the question 
to which one of two adjacent slices a H 2 0 molecule belongs Due to this trans­
formation H
:
0 molecules are factonzed out and are attached with a certain 
statistical weight to the lactose molecules 
It is a drawback of the tetrahedron model — also called star tetrahedron 
transformation — that a four-point energy is also generated (12) It has been 
shown, however, that since the interface layer is located on top of a solid layer 
with on top of it in turn a fluid layer, that-four point energies are to a large ex­
tent cancelled (13) Since moreover these energies are weak, we shall neglect 
them in what follows 
1 4 Application of the Omager theory to crystal surfaces 
Let us assume that we have a simple two-dimensional crystal with one type of 
atoms or molecules These atoms or molecules are connected to each other by 
bonds We may consider such a crystal as a so-called crystal graph, which is 
defined as a set of points with relations between the points In our case the 
points are the centres of gravity of the atoms or molecules and the relations 
are the bonds The crystal graph is an infinite two-dimensional graph, which 
fulfils the symmetry of one of the seventeen planar groups 
Instead of a two-dimensional graph we also can use the concept of con­
nected net A connected net is defined as a two-dimensional crystal graph of 
which all the points can be reached from a given point, going along a certain 
path, consisting of connections 
It follows from Section 1 2 that such a conhected net is equivalent to an F 
slice and it can immediately be seen that connected nets must consist of at 
least two different sets of connected PBCs 
Let us now assume that the points of a connected net can be in two states 
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such as spin up and spin down as in magnetism It was an enormous break­
through in the field of theoretical physics, when Onsager showed in 1944 that 
in a crystal graph as defined above a so-called order disorder phase transition 
occurs (14) This means that below a certain critical temperature T
c
 two 
phases exist one with say almost all spins down and a few up and another with 
the reverse situation If the temperature increases, more and more up spins 
occur in the phase with the down spins and the reverse in the other phase, 
which is due to an increase in entropy If the temperature increases further 
there comes a point T
c
 where only one phase exists with one half of the spins 
down and the other half up This theory was applied to describe the phenome­
na of surface roughening in the famous paper of Burton, Cabrera & Frank 
(15) 
Until very recently it was only possible to calculate the absolute critical 
temperature corresponding to the order disorder phase transition 7",. — also 
called Ising temperature or Curie temperature — for simple nets Recently, 
however, a theoretical method has been developed to calculate the Ising tem­
perature of complex nets (12), like the complex connected nets or F slices of 
garnet(16) 
We shall apply the same method to calculate Ising temperatures T
c
 of the 
— not very complex — connected nets of α-lactose hydrate We then intro­
duce the hypothesis that the larger T
c
 the stronger the connected net, the low­
er the growth rate and the higher the relative morphological importance 
We may assume that the larger the Г
с
 the lower the surface roughness, the 
larger the edge free energies of steps, the lower the growth rates This hy­
pothesis is strongly justified We refer to background information concerning 
the theoretical ideas used here to a recent survey paper on this subject (17) 
(See also ref 13 ) 
Instead of using Г
с
 we will use a dimensionless temperature 6>c defined as 
6* = (2кТІфу (4) 
where 
φ is the average energy of the connections of a growth unit within a con­
nected net 
к is the Boltzmann constant 
Tis the absolute temperature 
The index с refers to the critical value of ІкТІф at which the order disorder 
phase transition of the given net occurs 
In order to apply the (generalized) Onsager theory to lactose we first have 
to determine the connections between the lactose molecules with the corre-
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spending energies. Then the molecules are reduced to centres of gravity, 
which gives the crystal graph. From this three-dimensional crystal graph all 
connected nets parallel to faces (hkl) can be determined. 
In order to be able to calculate the Θ' of a given connected net we must also 
know the ratio of the energies corresponding to the connections of the net. 
These are estimated in the following way: We mention that we only can esti­
mate the bond energies between the lactose and water molecules in reference 
to a very dilute gas or to a vacuum. It can be shown (17-19) that in the case of 
a crystal in contact with a solution, bond energies have the shape: 
φ = tf,sf_ l/2 (0SS + 0ff) (5) 
where ss bonds are the solid-solid bonds in reference to a vacuum; ff bonds 
are fluid-fluid bonds and sf bonds solid-fluid bonds. Following previous pa­
pers (16-20) we will not consider the unknown ff and sf bonds explicitly and 
shall simply assume that the ratio of bond energies of Φ " in reference to a vac­
uum are equal to the ratio of bond energies Φ in reference to the solution. 
2 Crystal structure of α-lactose hydrate 
2.1 General 
α-Lactose hydrate crystallizes in the sphenoidal class of the monoclinic sys­
tem. In this system the crystal axes are of unequal length; in the sphenoidal 
class a diad axis (twofold axis of symmetry) is present in a position normal to 
the plane of the other axes, while the angle between the latter axes is not 90e. 
By convention the positive directions of these axes are chosen in such a way 
that this angle is obtuse (21). 
Crystals of α-lactose hydrate have long been noted for their strikingly polar 
character, which finds expression in a small or a missing (0Ï0) face. The crys-
tals were described by Traube (22, 23) in 1891 and have been the subject of 
many investigations since. In the work of Traube the ratio of the axis lengths 
of the unit cell a:b:c is given as 0.3677:1:0.2143, while the angle β has a value 
Table 1 Unit cell dimensions of α-lactose hydrate 
Reference 
Traube (22) 
Knoop & Samhammer (24) 
Buma & Wiegers (25) 
Fries et al (26) 
Seifert & Labrot (27) 
Beevers & Hansen (28) 
Noordiketal (29) 
a(nm) 
— 
0 796 
0 798 
0 7982 
0 7864 
0 7815 
0 7768 
b (nm) 
— 
2.18 
2 168 
2.1652 
2 1894 
2 1567 
2 1575 
c(nm) 
— 
0 481 
0 4836 
0 4824 
0 4897 
0 4844 
0 4815 
/3(deg) 
109 78 
109 18 
109 78 
109 57 
105 98 
106 2 
105 92 
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of 109 78°. Later on, many authors (24-29) determined the cell dimensions in­
dependently from X-ray data. However, they did not choose the same axial 
system. Knoop & Samhammer (24), Buma & Wiegers (25) and Fries et al 
(26) used the system of Traube and obtained values of β of about 110°, where­
as Seifert & Labrot (27), Beevers & Hansen (28) and Noordik et al (29) ob­
tained values for β of about 106° using a different axial system. 
It can be seen from Table 1 that both cells are of very similar shape The 
relationship of the two cells is given by Gould (30). 
The left cell of Fig 2 is by convention the proper standard cell, because it 
has the value of β nearest to 90° The right cell has the classical axial system, 
based on the data of Traube. In this paper we use the latter system, because in 
this arrangement the a axis runs parallel to one of the crystal edges and be­
cause we want to prevent confusion about the indices of faces described be­
fore (31-33) The matrix for transforming the indices of one cell into those of 
the other and vice versa is: 
1 0 1 
0 — 1 0 
0 0 — 1 
For the sake of completeness we give the indices of the low-index faces in 
according with both systems (see Table 2) 
The unit cell contains two molecules of α-lactose and two molecules of wa­
ter. The space group is P2,, which means that in the internal structure screw 
axes are present parallel to the external diad axis, which coincides with the b 
axis. The detailed structure analysis with the positions of all molecules and at­
oms and the lengths of all inter- and intramolecular bonds is now available, it 
was determined independently by Beevers & Hansen (28) and by Fries et al 
(26) 
Fig 2 Relation between the unit cells of α-lactose hydrate according to Seifert & Labrot (left) 
and to Traube (right) 
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Table 2 Conversion of both index systems 
Indices after Traube 
(001) 
(001) 
(010) 
(010) 
(100) 
(100) 
(110) 
(110) 
(101) 
(101) 
(Oil) 
(oi l ) 
(111) 
(111) 
(111) 
(111) 
Indice 
(10І) 
(101) 
(010) 
(010) 
(100) 
(100) 
(1Ï0) 
(110) 
(201) 
(001) 
(111) 
(111) 
(011) 
(011) 
(011) 
(01І) 
In this study we use a three-dimensional model (Beevers Miniature Mod­
el), which was assembled by Dr S. Ε В Gould of the Department of Chemis­
try of the University of Edinburgh 
Fig 3 is a projection down the с axis, showing complete lactose and water 
molecules with their intra- and intermolecular bonds, as given by Fries et al 
(26) All molecules are oriented with their long axes parallel to the screw axes 
and all glucose moieties point into the same direction The above authors and 
also Noordik et al (29) proved that this is the direction of the -b axis of the 
Traube cell, this had been predicted by Michaels & van Kreveld and by van 
Kreveld (34,35) on account of growth experiments 
The molecules are held together with hydrogen bonds, which form a three-
dimensional network Part of these bonds connects the lactose molecules, 
whereas another part connects lactose with water In addition, there is one in­
tramolecular bond between the hydrogen atom of the hydroxy! group of car­
bon atom 3 of the glucose moiety and the oxygen atom of the hydroxyl group 
of carbon atom 5 of the galactose moiety 
As distinct from Fries et al., but in agreement with other authors, we shall 
mark the carbon atoms of the glucose moiety with the figures 1-6 and those of 
the galactose moiety with Г-6', so that for instance the oxygen atom belong­
ing to the sixth carbon atom of the galactose moiety will be indicated as 
О(б'). The above mentioned intramolecular bond is therefore indicated as 
0(3)H-0(5'), see Fig 3 
2 2 Intermolecular bonds 
Fries et al (26) distinguished five direct intermolecular hydrogen bonds con-
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Fig. 3 Projection down the с axis of a part of the α-lactose hydrate lattice The О atoms are 
shown as larger and the С atoms as smaller circles, H atoms are omitted GLU = glucose: GAL 
= galactose, W = water, = screw axis, a sin β = 0.7470 nm. 
necting the lactose molecules and reported that every water molecule is hy­
drogen bonded to four lactose molecules. We shall consider these molecules 
as being in a tetrahedric configuration; due to the tetrahedron transformation 
(see Section 1.3) six lactose-lactose bonds result after water is factorized out. 
A survey of the eleven intermolecular bonds is given in Table 3; their bond 
energies, brought into the dimensionless form by dividing by kT, are marked 
with the symbols Ф, to Ф,,. 
As was stated in Section 1.2 we shall simplify the real crystal structure by 
reducing the lactose molecules to their centres of gravity and the intermolecu­
lar bonds to rectilinear connections between these points. This simplified 
structure is given in Fig. 4. 
The lactose molecule number 9 is given with its complete surroundings, 
consisting of sixteen lactose molecules, of which fourteen have a connection 
with it, either directly or by way of a water molecule. The water molecules are 
considered as parts of these bonds in agreement with Fig. 1 and are therefore 
omitted. The cell dimensions a, b and с correspond to the distances 4-3, 4-17 
and 4-2 respectively; β is the angle between the lines 3-4 and 4-2. 
Screw axes are parallel to the b axis and have been depicted in Fig. 3. Due 
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2 
^ ^ 5 
11 
г • 
6 Í ^ u 9 ^ ^ 
^ ^ 16 
Fig 4 Intermolecular connections of a lactose molecule 
Table 3 Intermolecular hydrogen bonds in the crystal 
Glu-Glu 
Glu-Glu 
Gal-Gal 
Gal-Gal 
Glu-Gal 
Glu-W-Glu 
Gal-W-Gal 
Glu-W-Gal 
Glu-W-Gal 
Glu-W-Gal 
Glu-W-Gal 
0(6) HO(2) 
0(6)H 0(3) 
Oib^W 0(2') 
0(6') HO(2') 
0(2) HO(4') 
0( 1)H 0(W)H 0(2) 
0(3')H 0(W)H О(З') 
0(1 )H 0(W)H О(З') 
0(1)H O(W) HO(3') 
0(2) HO(W)H О(З') 
0(2) HO(W) HO(3') 
Glu = glucose. Gal = galactose, W = water 
Bond energy (dimensionlcss) 
* 4 
to the symmetry operations resulting from twofold screw axes, the bonds 1-9, 
2-9, 3-9 and 4-9 are transformed into 9-14, 9-15, 9-16 and 9-17 respectively; 
hence bond 1-9 equals bond 9-14 etc. Due to translation symmetry the bonds 
5-9, 6-9 and 8-9 are equal to 9-13, 9-12 and 9-10 respectively; hence we have 
only seven different intermolecular connections 
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The total bond energies of these connections were calculated as the sum of 
the dimensionless bond energies for every pair of connected molecules, thus 
as Σ Φ. These values are marked with the letters ρ to v, which also will be used 
as labels for the connections (see Table 4). For the time being we shall consid­
er the connections t and ν as strong, p,q,s and и as weak and r as of interme­
diate strength. 
Table 4. Connections o ía lactose molecule (Fig. 4. No 9) 
Connection 
9-1 
9-2 
9-3 
9-4 
9-5 
9-6 
9-8 
9-10 
9-12 
9-13 
9-14 
9-15 
9-16 
9-17 
Total bond energy 
(dimensionless) 
* 9 
Φ, + Φ, 
* 7 
* 2 + * 4 + * 6 
* 2 + * 4 + * 6 
* 7 
Φ, + Φ, 
Φ* 
* M 
Φο 
Symbol used for the connection 
and its dimensionless energy 
3 Connected two-dimensional nets 
As was stated in Section 1.2 a connected net has to contain uninterrupted in­
terconnected PBCs in at least two directions; it is thus usual to derive the nets 
from the present PBCs. Because the simplified unit cell of Fig. 4 is not very 
complicated, we did not carry out a PBC analysis. As can be seen from Fig. 4, 
all possible connected nets can be constructed directly, starting from the cen­
tral molecule 9 and the connections originating from it. The nets obtained are 
given in Fig. 5, (a) to (j) and in the first column of Table 5. In some cases 
more than one possibility exists for a net with a given index; in order to distin­
guish between the positions of possible nets we use the indications 'left', 'up­
per', 'front' etc., which refer to Fig. 4. In Fig. 5 thicker lines correspond to 
stronger bonds (Section 2.2). 
4 Interplanar distance 
As we stated before, the interplanar distance d
nhnkn, is the thickness of the 
slices parallel to a face (hkl). For its calculation only the geometry of the slice 
94 
is relevant and not the strength of the corresponding net. In the literature, for 
instance (21), formulae are given for calculation of d„A ak „, in the various crys-
tal systems. For the monoclinic system this can be done with 
("nhnknl) ' — 
nW 2n2hlcosß 
b2 
ηΨ (6) 
aHin^ß acsin2ß  с2 sin2/3 
The value of я depends on the extinction conditions of the space group. When 
for instance the face under consideration is perpendicular to a diad screw 
axis, и is 2. This is the case with our (010) and (0Î0) faces; for all other forms η 
i s l . 
The values calculated are given in column 2 of Table 5, which also gives the 
other quantities corresponding to the M.I. 
Table5. Values of d„h„ l n /, θΌηάΕ**"' for various faces. 
(hkl) 
(001) and (00І) upper 
(001) and (0O1) lower 
(010) and (010) centre 
(010) and (010) left/right 
(100) and (100) front 
(100) and (100) back 
(110) and (110) 
(101) 
(011) and (011) 
( l l l ) a n d ( i n ) 
( l l l ) a n d ( l l l ) 
5 Slice energy 
(nm) 
0.4545 
1 0826 
0.7521 
0 7105 
0.4638 
0 4448 
0 4535 
0.4535 
» 
3 106 
2.058 
3 802 
1 927 
2.174 
1 485 
1698 
2 967 
2 470 
2 0 
2 0 
£slice 
p + r+1 
q + S + t 
l + U + V 
,A{p+q+r+s) + l+ 
r+s+u 
p+q + u 
Vi(j>+q + r+s)+u 
q-^r+v 
i/2(p+q + r+s) + t 
l/2(p + q + r+v) 
'/^(p+r+i+w) 
44 4 
34.4 
49 6 
u 4 4 2 
24 4 
14 4 
19.7 
39 6 
39 4 
22 2 
22.2 
Order of M I . 
¿nil nk nl 
5 
— 
1 
— 
2 
— 
3 
4 
8 
6/7 
6/7 
i* 
2 
— 
1 
— 
5 
— 
8 
3 
4 
6'7 
6/7 
based upon 
2 
— 
1 
— 
5 
— 
8 
3 
4 
6/7 
6/7 
The total energy of all connections of the central molecule 9 is 2(p + q + r + s 
+ t + и + ν). Because in an intermolecular bond half of the bond energy be­
longs to one molecule, E™ is half of the total bond energy, therefore 
E c r = p + g + r + 5 + / + H + v (7) 
tfhnkni ' 5 defined as the total dimensionless energy per molecule of the bonds 
within the connected net or slice (nh nk nl); see Section 1.2. Let us now con­
sider the nets (001) and (001) upper. It can be seen from Fig. 5 (a) that 
Е ^ О О І ) =p + r + t (8) 
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(001) 
and 
(O0Ï) 
(010) 
b and 
(ОТО) 
t ^ ^ ^ > 
(100) 
С and [TOO) 
g (on) ι 
h (om t 
) ( 1 1 1 ) 
( I M ) 
Fig 5(a-j). Connected nets in the α-lactose hydrate lattice 
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It follows from Eq 7 and 8 
Ean(00l)=q+s + u + v (9) 
This value of £ "" can also be obtained when considering Fig 4 In some 
cases this calculation is more complicated, particularly if from a pair of equal 
connections only one belongs to the slice, whereas the other is included in 
Ed" In this case we have to use the half of these energies 
For the calculation of the values of £ s l , c c we need those of ρ to ν and thus of 
Φ, to Фц (see Table 4) The absolute values of all these bond energies are un­
known, in order to obtain estimates of ρ to ν we made the following approxi­
mations 
(1 ) The energies of all hydrogen bonds of the crystal are the same and equal to 
Φ 
(2) The energies of all bonds via the water molecule (thus Φ6 to Φ,,) are the 
same and equal to Φ' 
These approximations are based on the fact that all bonds are of the same 
character (O-H-—O) and that their lengths do not vary too much From the 
literature values of Fries et al (26) we calculated for the length of the direct 
hydrogen bond between lactose molecules 0 203 ± 0 008 nm, while the bond 
between lactose and water molecules has a length of 0 21 ± 0 02 nm This 
suggests that we do not make large errors in taking the bond energies as 
equal 
Φ' can be calculated from Eq 2, which is written here as 
Ф' = 4ІПСО Ъ2Ф (2a) 
For deriving the M I we do not need absolute values of Esì'ce, a quantity 
proportional to it is sufficient However, for the calculation of ρ to ν we need 
Φ' in relation to Φ and an approximate value of Φ is therefore necessary In 
the literature (36) for the hydrogen bond O-Η—-O a bond energy of 25 kJ 
mol"1 is given Thus φ = 25/N kJ molecule-1 and Φ = φ/kT = Νφ/RT = 
25000/RT Setting Τ = 300 К and R = 8 3 J K"1 mol ' gives Φ = 25000/8 3 χ 
300 = 10 Φ' is calculated with Eq 2 Φ' = VA In [cosh 2 10] = 4 8 
It has to be remarked that, although some approximations were intro­
duced, this cannot have a large influence upon the ratio Φ7Φ, for which we 
found here 0 48 This is because at higher values of Φ this ratio approaches 
0 5 and even if Φ were half its literature value this ratio would still be 0 47 
The dimensionless total bond energies can be calculated now by addition of 
the related values of Φ and Φ ' , this gives t = 24 8, ν = 20 0, r = 14 8 and ρ = 
q = s = u = 4S These values were introduced in Table 5 for the calculation 
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of £51'™ for the crystal nets In some cases more than one net corresponds to a 
possible slice Here for the determination of the order of M I the 'strongest' 
of the alternative nets, corresponding to the highest value of EslKC has to be 
chosen For the nets (111) and (111), which are parallel but not equivalent, it 
cannot be decided which of the pair of nets is the stronger one, this also ap-
plies to the nets (1Í1) and ( i l l ) 
6 Critical temperature 
As discussed in Section 1 4, a connected net shows a phase transition below 
the critical Ising or Curie temperature 7^ . (or (9e, Eq 4) two phases exist and 
above this temperature one phase In the theory described in Refs 13 and 17 
an edge is forced into a connected net, which makes a boundary between a 
solid and a fluid phase (or a phase with most spins up and a phase with most 
spins down) It is now essential for the theory that a method is developed 
which makes it possible to calculate at which temperature the edge free en-
ergy of this enforced edge becomes zero This calculated dimensionless tem-
perature is exactly the Ising temperature ©S because at θ 0 the two phases be­
come identical and the boundary disappears, consequently the edge energy 
becomes zero 
For a given connected net and ratio of connection energies the correspond­
ing value of θ 0 can be calculated This was carried out for the nets of Fig 5, 
t^e lesults are given in the third column of Table 5 
It is beyound the scope of this paper, where the calculation of 0 e plays a mi­
nor role to discuss the mathematical theory and the computer program used 
and wc refer to recently published papers (13,17) 
7 Com pai ison of the predicted and observed morphology 
The morphological order of the crystal faces, as obtained with the three meth­
ods of Sections Ί 5 and 6, is given in the last columns of Table 5 It turns out 
that the orders defermined from £ s l l c e and (9e are exactly the same, whereas 
the order obtained from d
nh nk nl clearly deviates from that obtained from the 
methods given above \ sketch of a crystal in agreement with the order of the 
five most important faces as determined from £ , | ,се and Θ1, is given in Fig 6 
The normally observed morphology corresponds to a so-called tomahawk 
crystal, as given in Fig 7 We do not treat here the well-known variety of 
crystal forms observed by Hernngton (37), because he probably used 'nor­
mal' pharmaceutical grade lactose and not a non-ionic quality 
There is a very striking difference between the observed morphology and 
that determined with all three methods According to the theory (010) and 
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(0Í0) have a very high M.I.; in reality (010) is mostly absent and (010), being 
the fastest growing face of the tomahawk, is relatively small. 
A partial explanation can be given by paying attention to another crystal 
form of α-lactose hydrate, viz the needles of Michaels & van Kreveld (34). 
^•'' s'sS ^'8- 6- Outline of a hypothetical crystal, 
-¡¿S according to the morphological order ob-
< ι οι > tained with the £>||СС and ö c methods. 
Fig. 7. Tomahawk crystal of non-ionic lactose (about χ 12). 
a (left). View into the с direction. In front one of the large (011) faces; on the right the small (010) 
face. Left to right: the apex with the edges of the small curved faces and successively those of the 
(110). (100) and (110) faces 
b (right). View into the a direction. In front left to right the apex with one of the curved faces and 
successively one of the (110), (100) and (110) faces. At the top one of the (Oil) faces. 
These crystals were grown in aqueous solutions of stable anhydrous α-lac­
tose, which have low /3-lactose contents. These crystals, which also develop in 
solutions of non-ionic stable anhydrous α-lactose, have large (010), (0І0) and 
(100) faces and small (0Î1) faces (see Fig. 8). This is in accordance with the 
order, calculated with the dnh nk nl method. However, faces like (001) and 
(101), which have a higher rank in the morphological order, do not occur at 
the crystal. We therefore conclude that the predicted orders are not in 
agreement with the tomahawk-shaped nor with the needle-shaped crystal. 
8 Influence of/3-lactose 
We expect that the discrepancy between the theoretical M.I. predicted from 
the internal structure and the observed morphology is caused by the growth-
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( 0 1 0 ) 
Fig 8. Crystallographic orientations of a needle crystal (Ref 34) 
inhibiting action of/3-lactose. Several authors found that this substance can be 
accepted by the α-lactose hydrate crystal and can even form mixed crystals 
with α-lactose and water. Buma (38) obtained mixed crystals with 45 and 
54 % β from methanolic solutions. Fries et al. (26) found in their crystal with 
X-ray analysis a partial random substitution of α-lactose by the ¿?-anomer, 
which they estimated to be 7 %. Buma & van der Veen (39) found in most of 
their α-lactose hydrate preparations a β content of 2 to 4 %; applying slow 
crystallization at 15 CC, they succeeded in preparing a lactose hydrate with no 
more than 0.56 % β. By partly dissolving crystals they concluded that the β-
lactose is present inside the crystals. Our own experiments with highly super­
saturated (a few hundred percent) solutions of non-ionic lactose gave crystals 
which were beam-formed or had forms intermediate between a beam and a 
tomahawk; mostly their β content was 6 to 7 %. In our slowly grown toma­
hawk crystals of non-ionic lactose a β content of not lower than 0.95 % was 
found. 
Michaels & van Kreveld (34) and van Kreveld (35) assumed a highly specif­
ic interaction between the α molecules of the lattice and the β molecules of 
the solution, most explicitly at the (0Ϊ0) and (Oil) faces. Because the mole­
cules of both anomers have the same β galactosyl moiety, the α-lactose mole­
cules of the crystal might form bonds as easily with the galactose moiety of 
both α and β molecules. Once integrated, a β molecule would inhibit further 
growth of α-lactose at that growth site. 
In general an extraneous molecule that is bonded to a growth site may be 
buried by the molecules of the lattice or may re-escape to the fluid phase after 
some time. Such a growth mechanism, where part of the growth sites of the 
surface is blocked by inhibitor molecules, may be described with a Langmuir 
adsorption, as was worked out for instance by van Rosmalen (40). At equilib­
rium, where the adsorption and desorption rates of the inhibitor molecules 
are the same, the fraction of the occupied growth sites is given as 
0 = 1 — (1 + Kc,)-' (10) 
where 
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θ = fraction of the occupied growth sites 
К = a constant for the adsorption-desorption equilibrium 
c, = concentration of the inhibitor in the mother phase 
Under the same conditions the linear growth rate of a crystal face is assumed 
to be proportional to the fraction of non-occupied growth sites, thus to (1-Θ). 
This gives 
Rfi = Äf/(i + Ä:c,) ( i i ) 
where Rh and R{ are the linear growth rates of the same crystal face under 
equal conditions with and without blocked growth sites respectively. Van 
Kreveld (35) indeed found a hyperbolic relation between the growth rates of 
some faces of α-lactose hydrate and the β content of the solution. The relation 
is most clear with the growth of the (0Ϊ1) face of his needle crystals (see 
Fig. 8). The curves of van Kreveld show that in solutions where α and β are in 
equilibrium the growth rates of all faces are practically independent of the β 
concentration, so that the growth-inhibiting has reached a maximum. 
The presence of /Mactose thus causes a situation where every growth site is 
temporarily blocked, so that less a molecules can be integrated per unit of 
time. A special case is the (Oil) face, which does not grow in contact with a 
not too strongly supersaturated equilibrium solution, so that all growth sites 
are permanently blocked. Growth of such a face is only possible with high su­
persaturation, where in general the influence of growth inhibition is less, or 
with a lower /J content of the solution (35). 
With a few exceptions all β molecules are desorbed during crystal growth, 
so that a normal α-lactose hydrate lattice is formed. But we think that in spite 
of all precautions it is inevitable that a certain number οί β molecules will be 
integrated into the lattice. 
Since obviously /Mactose dominates the growth of the α-lactose hydrate 
crystal, we cannot simply use here the slice energy as a criterion for the M.I. 
It is obvious that the blocking of part of the external bonds, although not in­
fluencing the crystal nets, must lead to a decrease of the growth rates of the 
faces concerned and thus to a change of the M.I. This principle was used by 
Bercovitsch-Yellin et al. (41) for direct determination of the absolute config­
uration of chiral polar crystals, using tailor-made impurities. In fact the pre­
diction of the absolute configuration of α-lactose hydrate by Michaels & van 
Kreveld (34) was based on the same principle. 
For the derivation of the M.I. we shall now use a corrected surface energy, 
Op which will be obtained by cancelling in the theoretical Em the energies of 
those bonds that may be blocked by /Mactose. Like Ea", σ^  is a dimensionless 
energy per molecule. Calculations of σ^  for the relevant faces will be given in 
the next section. 
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9 Difference between surface energy a and 'Λ £>" 
In Section 1.2 E3" of a slice was defined as the energy per molecule of the 
bonds, cut by the boundary of adjacent slices. Owing to the polarity of the a-
lactose hydrate crystal the slices not parallel to the b axis have two non-equiv­
alent sides, corresponding to two crystallographically different faces, of 
which one intersects the positive and the other the negative b axis. In a nor­
mal tomahawk crystal for instance two sets of parallel but non-equivalent 
(110) and (1Í0) faces can be distinguished. The difference between both faces 
manifests itself in the growth rate; this is caused by stronger or weaker block-
ing effects of /9-Iactose. We therefore assume that both faces, corresponding 
to both sides of the slice, have a different value of Οβ. This quantity is defined 
here as the sum of the half-bond energies of the non-blocked bonds, cut by the 
adjacent slice at the relevant side of the slice per molecule. Owing to the 
blocking, £^'of the slice, which is the sum of thea^ values of both its faces, is 
for this case lower than Ea-Eam. We shall try to make an estimate of the ex­
tent to which the various bonds are blocked and the values of α β for the crystal 
faces of which the M.I. was determined before, will be calculated. 
It was shown in Section 2.2 that every lactose molecule of the lattice can 
form connections with fourteen other lactose molecules. We shall now check 
which of these connections can be partly or completely blocked by /3-lactose 
during crystal growth. Because all lactose molecules are situated with their 
galactose moieties in the -l-b and with their glucose moieties in the opposite 
direction, the connections p,q,r and s exist in both directions. 
As can be seen from Table 3 and 4, those in the +b direction (see Fig. 4: 
connections 9-15, 9-17, 9-14 and 9-16 respectively) connect the molecules of 
the lattice with α-glucose moieties of lactose molecules of the solution, so that 
^-lactose cannot interfere. However, those in the -b direction (see Fig. 4: 
connections 9-2, 9-4, 9-1 and 9-3 respectively) connect the molecules of the 
lattice with galactose moieties, so that blocking is possible (see Fig. 9). 
r e j e c t e d 
<& О Gol 
n o b l o c k i n g 
+ Ь 
Fig 9 Scheme of the blocking of an α-lactose hydrate crystal by ¿(-lactose, α Gal and 
β Gal represent a- and ¿Mactose molecules respectively Left to right the apex wi'h the 
edges of the small curved faces and successively those of the ( 110),( 100) and (110) faces .ino that 
of the (010) face with the large (011) face in front Blocking diminishes in the direction ot ihe +b 
axis 
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blocking 
In the following we shall mark the connections ρ to s in the + b direction and 
the corresponding energies with a plus sign and the similar connections in the 
-b direction and their energies with a minus sign It can be noted that for the 
calculation of Οβ the following relations hold 
p= Vi(p^ +p-)t\c (12) 
The connections t, и and ν are perpendicular to the b axis and thus equal in 
pairs Those with energy и are connections with galactose moieties and may 
therefore be blocked 
The compound connections t and ν are more complicated, since both glu­
cose and galactose moieties of solute molecules can be bound Here a β mole­
cule cannot be perfectly integrated into the lattice, but, due to the close re­
semblance of the anomer molecules some blocking may occur 
As a consequence we shall assume for the time being that the connections 
p-, q-, г , г and и do not contribute to σ^ We assume further that the connec­
tions p + , q+, r* and s* are not blocked and fully contribute to Op Probably a 
fraction of the connections t and ν is blocked Hence their energies will only 
partially contribute to Oj, these contributions will be indicated as f« and Vp re­
spectively 
We will now make an estimate of Οβ for the various faces and examen 
whether these values correspond to the growth rates of different faces or to 
the crystal morphology observed Using the с/
ш>
 с
 and £il,cc methods we de-
rived eight strong F slices (Table 5) 
A first category is formed by the slices parallel to the b axis Due to the two-
fold axes parallel to the b axis the slices (001) and (001), (100) and (І00), 
(101) and (101) are symmetrically equivalent These slices also have no polar 
character and the boundaries on both sides of a slice are symmetrically equiv­
alent, since the twofold screw axes are situated within the slices 
A second category is formed by the slices with indices (010) + (010), (110) 
+ (110) and (011) + (0Ï1), of which each gives two non-equivalent faces 
There are no symmetry elements excepted translations within these slices, 
hence they have a polar character At the -l-b sides of the slices there are the 
faces (010), (110) and (011) and at the-b sides (010), (110) and (0Ì1) For the 
slices, corresponding to the nets (111) and (111), which give two equivalent 
faces at the +b side, no choice of a stronger net could be made (Section 5) 
We will therefore calculate mean values of Οβ for these faces 
We shall now give examples of the calculation of Op for one or more faces of 
each category We choose the faces parallel to the b axis (100) as an example 
We find in Table 5 
£>""(100) = r + i + u (13) 
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hence 
EM(lO0)=p + q + t+v (14) 
For the case of blocking by /3-lactose this is written as 
Em(100) = V2(p~+p- + q+ + q-) + t+v (15) 
With the assumptions mentioned before we obtain 
ff/,(100) = Vi(p+ + 9 + ) + i/, + v/, (16) 
For each of the two (100) faces σ^  is half of this value, thus 
σ, (100) = VA (ρ- + q') + Vitß + Vivß (17) 
or 
aff(.m)=W + tp + vfi) (18) 
The slices not parallel to the b axis give more difficulties, because they have 
different bonds at both sides. For the slice corresponding to the faces (010) 
and (010) we have 
E*™ (010) = I + Μ + ν (19) 
hence 
E'"{010)=p + q + r + s (20) 
or 
£?" (010) = l/2(p+ + p- + q+ + q- + r+ + г + s+ + r) (21) 
For the (010) face at the +b side of the slice we find 
σ
β
 (010) = ιΔ(ρ+ + q+ + r+ +s-) = 2Ф + 2Ф' (22) 
For the (0Í0) face we find 
σ,, (0Ì0) = V2(p- + q- + r~ + s-) = 0 (23) 
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Another example of a slice not parallel to the b axis is the one correspond­
ing to the faces (011) and (Oil) Here we have 
E^(0U)=V2(p + q + r + s) + t (24) 
hence 
£>" (Oil) = ιΔ(ρ+ +[r + q++q- + r++r + s++r) + u + v (25) 
There are two equivalent slices with the nets 1-2-9-16-17 and 3-4-9-14-15 
(Fig 4 and 5) For the (Oil) face at the -l-b side of the slice we have 
σ
β
 (011) = VA(P+ + q+ + r+ + s+) + l/2(uß + vß) = лФ + Φ'+ Vivß (26) 
For the (Oil) face we have 
σ, (0Ϊ1 ) = '/»(ρ- + ψ + г + г) + Щц, + Vß) = '/2 vß (27) 
Much more complicated are the slices corresponding to the faces (111) and 
(111) at the -l-b side and (1ÎÏ) and ( i l l ) at the -b side of the crystal In this 
case there are two equivalent nets (Fig 5, ι -j) with £ s l i c e = Vzfp + q + r + v) 
and ιΛ(η + r + s + ν) For the first case we have 
Em(ll~l) = V2(j> + q + r+v)+s + t+u (28) 
Em (111) = lA(p+ + p- + q+ + r* + 
+r) + l/2(s+ + s- + v) + t + и (29) 
Using Fig 4 we find for the (111) and ( i l l ) faces at the -Hb side 
σ
β
(1ΐΊ) = aß{Ul) = ιΛ{ρ+ + q+ + r+ + ί+ + r + 
+ ν
β
) + l/2(tß + uß) = ιΑΦ + Φ' + Vitß + Vwß (30) 
For the faces (1ΪΪ) and (Π1) at the -b side we have 
σ
β
{1.Υΐ)=σ
β
(\\ΐ) = Vi(p- + ψ + r + s+ + г + ν
β
) + 
+ V2(tß + uß) = АФ' + V2tß + Vwß (31) 
With the alternative net with E5'1« = V2{q + r + s + ν) the same method 
gives for the faces at the -l-b side 
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σβ
 (111) = σ
β
 ( ì l i ) = Vi(p+ + ρ-+ q++ r+ + s+ + ν
β
) + 
+ V2(tß + uß) = АФ + Φ' + V2tß + Vwß (32) 
and for the faces at the —b side 
σ , ( Ι Ϊ Ϊ ) = σ
β
 ( ï ï l ) = У4(р+ +p- + q- + r + s- + vß) = 
+ ' / ^ +
 М/,) = 1/4Φ' + Vty + 1/4 ^ (33) 
Both nets tum out to give the same σ
β
 values for corresponding faces 
Most of these results contain the energies tß and/or vß, of which the values 
are unknown, so we have to make estimates of them The most simple way to 
do this is to use the statement of Hartman (Section 1 2) that EM of a face is 
roughly proportional to its growth rate and to assume that this also holds for 
σ
β
 We have seen before that σ
β
 of the (011) face is V2vß For the normal tom-
ahawk crystal (Fig 7) the growth rate Äon is zero, only with supersaturations 
higher than about 100 % (5 > 2) is some growth possible (31) Below S = 2 
the growth on this face is thus completely blocked, so that vß = 0 An estimate 
of tß can be made with data of the growth rate of the (110) faces 
It can be seen from Table 6 that aß of this face is '^(ί, + ν
β
) Setting v^ = 0, 
it can be assumed that the growth rate is proportional to Vita We will apply 
the above proportionality to the data for the (010) face, for which σ
β
 = гФ + 
2Ф' = 14 6 This gives 
^(110) = α , (010) Λ , Α ο (34) 
In Ref 33 values of R
m
 and Rmí¡ were given for growth with various temper-
atures and supersaturations In combination with these experiments growth 
rates of the (110) faces were also measured, but because these faces grow 
much more slowly than the corresponding (100) and (010) faces and growth 
times were adapted to the measurement of Rm and Ä()10, the values obtained 
for Ä||0 were less reliable and were not therefore given in the paper Howev-
er, it can be gathered from these values that the ratio Rnç/R0i0 increases with 
S and with the same S is independent of temperature For instance with t = 
20 °C and S = 1 848 it was found Rlw = 1 4 and Ä()10 = 18 8, so that their ratio 
is 0 077 With S = 1 214 and the same temperature Rut) = 0 027 and Λ
Ι)1Π = 
1 07, which gives a ratio of 0 025 With / = 60 0C and S = 1 626 we found R
m 
= 18 1 and R
m) = 245 with a ratio of 0 074, with the same temperature and S 
= 1 151 values of R
nu
 = 0 42 and R
oi0 = 17 9 were obtained with ratio 0 023 
This ratio varies roughly between 0 02 and 0 08 Using Eq 34, in which is 
substituted σ
β
 (010) = 14 6 we find that σ
β
 (110) varies between 0 3 and 1 2, 
so that tß varies between 0 6 and 2 4 Also in this case blocking diminishes 
with increasing supersaturation It was given in Section 5 that the energy of 
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Table 6 Values of aa for various unit forms. 
(hkl) 
{001} 0.25(9- +<r+i + +í- )+0.5(u í i +v / í ) 
(010) 0 . 5 ( p + + 9 + + r + + í + ) 
(010) O S O r + ^ + r + j - ) 
(100) О.гЪір*p~+q+ + q-)+<Í.S(t¡¡+v¡¡) 
{110} 0 .25(p + +< 7 + +r + +j+)+0 5(/ /)+v /,) 
{110} 0.25(p-+q->rr+s-)+0S(lf+vß) 
{101} 0 2 5 ( р + + р - + $ + + 5 - ) + 0 . 5 ( ^ + и ^ ) 
{011} 0 2 5 ( p + + 9 + + r + + s < ) + 0 5(u í+v / , ) 
{011} 0 2 5 ( р - + < г + г + 5 - ) + 0 . 5 ( м ^ + ^ ) 
{111} 0 25 ( p + + 9 + + r + + 5 + + i - ) + 0 5(» э +і 
{111} 0 .25 (p -+<r+ ' -+ í + +í - )+0 5(//)+u/,; 
1^+0.25 ν, 
)+0.25 ^ 
°β 
0 25Ф'+0 5і'/1 
0.5Φ+2Φ' 
0 
О . З Ф Ч О . З ^ + ^) 
ΰ25Φ+Φ'+0 5(ι
β
+ν
β
) 
QbUß+vß) 
0 . 5 Ф ' + 0 . 5 ^ 
Ο Σ δ Φ + Φ ' + Ο δ ν ^ 
0 5 ^ 
0 2 5 Φ + Φ ' + 0 5/^+0 25 ν
β 
0 2 5 Ф ' + 0 . 5 ^ + 0 25 ^ 
2 4 
14 6 
0 
3 2 
8.1 
0.8 
2 8 
7.3 
υ 
7 7 
2 0 
Order of 
M I 
5 
1 
'/2 
7 
10 
3 
6 
8 
'/2 
9 
4 
the unblocked interaction t has a value of 24.8, hence it follows that at lower 
supersaturations 0.6 x 100/24.8 = 2.4 % is unblocked, while this portion in­
creases to about 10 % with the higher supersaturations used. We will use 
here a mean value of tß = 1.5. 
With the values derived for tp and v», those of a* for the various unit forms 
can be calculated; these values are given in the fourth column of Table 6. 
10 Comparison of the morphologies 
From the values of a* obtained we may derive a new morphologic order , as-
suming that the smaller Oß the larger the M.I . This order of morphology of 
eleven growth forms is given in the last column of Table 6. It can be seen from 
this table that the theoretical order of M. I. is given by 
(Oil) = (0Ï0) > (110) > (1 Ï Ï ) > (001) 
> (10І) > (100) > (011) > (111) > (110) > (010) (35) 
Table 7 Companson of σ
β
 with an example of growth rates 
Umtform (010} {110} {100} {110} {011} 
Growth rate (дт/h) 19.1 9 1 3.1 1.2 0 
σ
β
 14 6 R 1 3.2 0 8 0 
Ratio 13 1.1 lO 1.5 — 
Only five forms appear at a normal tomahdivk crystal, viz (010), (110), 
(100), (ПО) and (ΟΊ1). The observed order of M.I. ma) be given by 
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(Oïl) > (100) > (ПО) = (ПО) > (010). (36) 
According to the new order, (010) is a small, fast-growing face; this agrees 
with the observed morphology. According to the order of Table 5 this face 
would be the slowest growing one; because in contrast with all other faces this 
one is not blocked by β, it has become the fastest growing one. This is in 
agreement with the observed growth rates, which for the above-mentioned 
unit forms decrease in the order given above In Table 7 growth rates under 
standard conditions (f = 30 CC; 5 = 1.611) are given for these faces (Ref 32), 
together with the corresponding values of a^ and the ratios of both. The ratio 
of corresponding values vanes between 1.0 and 1.5, so that for this case the 
proportionality roughly holds 
We never observed a flat (0Ϊ0) face at our tomahawk crystals, grown from 
solution of non-ionic lactose. Even with supersaturations of 2 2 and higher, 
where the (0Ì1) faces did grow, the face developed at the apex was curved 
Flat (010) faces could only be observed by us at beam-formed mixed crystals 
or at needles grown in solutions with low β contents. 
Instead of the (010) face and the two (111) faces the tomahawk has curved 
faces at both sides of the apex, which do not grow. We think that near the 
apex, where all faces are fully or largely blocked, formation of flat faces is im­
possible, so that this part of the crystal maintains its curved form. 
The other unit forms given in Table 6 are not parallel to the с axis and have 
to compete therefore with the non-growing (011) faces. Only the (001) and 
the (10Î) faces, having low Οβ values, have a change to arise, but we never ob­
served them at crystals of non-ionic lactose It is true that the drawings of 
Hernngton (37) suggest the presence of a (001) face at one of his crystals, but 
it is unlikely that non-ionic lactose was used in this experiment (see Section 
7) 
We may now conclude that the M I of the crystal forms that appear at a 
normal crystal can be predicted with σ^, the other faces do not appear because 
near by the apex no face can develop and because of the presence of the domi­
nating, non-growing (0Ì1) faces. 
11 Some further remarks about the morphology of the tomahawk 
If the linear growth rates of a crystal are known, its morphology can be de-
rived from a Wulff plot This is done by constructing in a plane from a given 
point vectors with lengths proportional to the growth rates, these vectors are 
perpendicular to the lines of intersection of the corresponding faces By af-
terwards drawing the proper lines of intersection, a well-proportioned section 
of the crystal is obtained. 
Van Kreveld & Michaels (31) posed that the original nucleus of the a-lac-
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tose hydrate crystal must be located right in the apex Assuming that during 
the whole growth period the growth rates have been constant, η might be pos­
sible to derive the morphology from the growth rates by starting from the 
apex and making a Wulff plot with the given growth rates However, with our 
data for the growth rate of non-ionic lactose, obtained under standard condi­
tions (see Ref 32 and Table 7), the section obtained perpendicular to the с 
axis suggests that the (110) faces have very small dimensions (Fig 10) We 
therefore examined new-grown crystals of about 50 μπι under the micro­
scope These crystals are prismatic and have a simple morphology with only 
(010), (100) and (0Ì1) faces Their curved faces are relatively large and the 
crystals as a whole have grown relatively strongly in the a direction 
Because Rm has thus been relatively large, we think that the connection t 
is in the beginning not yet so strongly blocked as in the later stage of the 
growth As was sometimes observed, (110) faces of crystals that grow during 
a long time, may grow out of existence 
Fig 10 Wulff plot constructed with the growth rates of Table 7 /?„,„= 19 1 Rim=9 1 Rm = 
3 1 and Λ, | 0 = 12 Angles were calculated from the transformed crystallographic data of Noor 
ilk et al (29) (ПО) л (010) = 70 9° and (110)^ (010) = 109 Io 
12 Conclusions 
The morphology of the α-lactose hydrate crystal is complicated and cannot 
easily be predicted from the internal structure The normal methods, by 
which parameters are calculated for the strength of the connected nets or slic­
es, viz £ s l ' c c and <9C yield the same morphological order, whereas the older 
d
nb n k n] method leads to a somewhat different result 
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Both results strongly deviate from the observed morphology and do not 
take into account the polar character of the crystal. 
By considering the blocking of part of the intermolecular bonds by /}-lac-
tose a corrected morphology can be derived, which fits in with the morpho-
logical importance of the faces that appear at the crystal. The other faces de-
rived are assumed to be absent, because of the competition of the non-grow-
ing (Oil)face. 
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Summary 
Experiments arc described for the isolation and identification of a natural growth re-
tarder in lactose, the presence of which was shown before (1) From pharmaceutical-
grade lactose a material with growth retarding properties was separated with ion-
exchange, this material was purified and identified as far as possible with GI С and 
NMR methods It was found that this material consists of probably six isomers of lac­
tose monophosphate, in which the phosphate group occurs at the galactose moiety of 
the molecule There are thus galactopyranosyl- and galactofuranosyl-bound phosphate 
groups Probably all present isomeric lactose phosphates have growth retarding 
properties 
An explanation is given of the mechanism of the very strong growth retarding 
properties of this kind of substances 
1 Introduction 
In a preceding paper (1) the existence of an unknown accompanying sub­
stance in pharmaceutical-grade lactose was described Three characteristic 
properties of this material were mentioned 
(ι) It is incorporated with a high preference in a growing α-lactose hy­
drate crystal, for this reason it cannot be separated from lactose by recrys-
tdllization of this sugar 
(n) It has an acid character and the titration curves of aqueous solutions 
of recrystallized lactose give an indication of the presence of an acid which 
is at least dibasic 
(in) It retards growth of α-lactose hydrate crystals, this influence is most 
pronounced at the (010) and (110) faces 
For the identification three independent sources of information were avail­
able 
(ι) Being an accompanying substance of lactose, the substance is probably 
a derivative of milk and whey By growth expenments, as described in (1) 
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Section 3 2, acids having any connection with milk or whey can easily be 
checked whether they are growth retarders for lactose Those that do not 
retard crystal growth can be excluded from further examination 
(n) The substance is present in small quantities in pharmaceutical-grade 
lactose and can be separated from it by passing an aqueous lactose solution 
through a column with an anion exchanger in the hydroxyl form. Regenera­
tion of the anion exchanger used yields a liquid with growth retarding prop­
erties, as described in (1), Section 4.8 
(in) Some time after the discovery of (i) and (n) Timmermans (2) re­
viewed a paper chromatogram prepared a considerable time before of a 
mixture of organic and inorganic phosphates in milk products With this 
chromatographic method, described by Kollof (3) the presence of phos­
phates is marked by a blue spot of reduced phosphomolybdenic acid It 
turned out that a brownish stain had developed around one of the non-
identified blue spots that were held for poly- or pyrophosphate compounds. 
Similar brown stains were known as descending from oxydation products of 
reducing sugars A similar combination was then also observed on a chro­
matogram of mixtures containing among others pharmaceutical-grade lactose 
and inorganic phosphates, but these blue spots did not occur if the lactose 
was omitted. With the spectrophotometnc method used (Section 2.2 2) in 
this grade of lactose normally no more than 3 ppm phosphate is found, 
which is far too low to explain the marked blue spots Therefore a sample 
of this lactose was dry ashed in the presence of Mg(CH1COO)2 (Section 
2.2 2), after which the above analysis was carried out m the residue. Now as 
much as 60 ppm phosphate was found, whereas non-ionic lactose turned out 
to be phosphate-free in a similar experiment Timmermans concluded there­
fore that pharmaceutical-grade lactose contains a sugar phosphate and that 
the growth retarder we were looking for, might therefore be a sugar phosph­
ate, possibly a lactose phosphate. 
In the following we shall give the results of our experiments about the 
isolation and identification of the unknown growth retarder. 
2 Materials and methods 
21 Materials 
Pharmaceutical-grade lactose was a CCF product (4). All chemicals were 
reagent-grade; most of them were purchased from Merck. The sugar phos­
phates were purchased from Sigma. 
Cation exchangers· IMAC Duolite С 20 16-25 mesh and Duolite Syn 106 
16-50 mesh 
Anion exchangers· Duolite E 368 14-50 mesh and Bio-Rad AG 1 X8 
100-200 mesh 
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2.2 Methods 
2.2.1 Qualitative tests. Tests for chloride, sulphate and free phosphate were 
earned out according to Ref. (5), p. 179, 431 and 389 respectively. A qual­
itative test for total phosphate was carried out by heating 1 ml of the given 
weakly acid solution with 1 ml 4 N NaOH. After cooling 4 ml 2 N HNO, 
was added; the solution was than boiled and 50 ml Lorenz reagent (6) was 
added. Phosphate gives the well-known yellow precipitate of phospho-
molybdate. 
2.2.2 Quantitative analysis. Free phosphate in lactose: This was determined 
spectrophotometrically with the method given in Ref. (7). The spectrophoto­
meter used was a Shimadzu 210A with cuvettes of 1 cm. 
Total phosphate in lactose: 5 g of the sample was weighed in a quarz cru­
cible. After addition of 3.5 ml of a solution of 26.5 g Mg(CH1COO)2 · 4 
H 2 0 in 1 liter ethanol, the mixture was evaporated on a steam bath, dried, 
carbonized above a small gas flame and heated during 1 hour in an oven at 
600 °C. The ash was dissolved by addition of 2 χ 1 ml 4 N HNOj, the cruci­
ble was rinsed with water and the solutions obtained were filtrated through 
a Whatman 541 paper filter, which was rinsed again with water. The 
phosphate content of the liquid obtained was determined according to the 
method for free phosphate given above. 
Total phosphate in acid concentrate and in barium lactose phosphate: The 
sample was wet digested under reflux with HNO3 and H 2S0 4 . The colour­
less solution obtained was cooled and diluted with ten times its volume with 
water. The phosphate was transferred into the phosphovanadomolybdate 
complex with the method given in Ref. (8). The extinction of the complex 
was measured at 380 nm. 
Barium in barium lactose phosphate: This was determined with a com-
plexometric method, given in Ref. (9). 
2.2. i GL С of sugars and sugar phosphates. In this method the materials 
are converted to the corresponding polytrimethylsilylethers, which are suffi­
ciently volatile for a GLC analysis. This was carried out on a Varían 2100 
gaschromatograph. The apparatus and the method are the same as used in 
Ref. (10) for carbohydrates. 
2.2.4 Treatment with phosphatase. 2 ml of an aqueous solution, containing 
about 20 mg of the substance to be examined, was adjusted to a pH of 
about 4.5. To this solution 0.5 ml 0.01 M MgCI2 and 25 mg BDH Phospha-
tase Acid from Wheat Germ were added. The mixture was kept at 30 "C 
and filtered off; the filtrate was freeze dried at —50 °C with a FTS appa-
ratus. 
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2.2.5 Treatment with ß-galactosidase. 2.5 ml of an aqueous solution, con-
taining about 25 mg of the substance, was adjusted to a pH of about 7. To 
the solution was added 5 mg Maxilact lactase (Royal Netherlands Fermenta-
tion Industries Ltd.). The mixture was kept at 37 °C during four hours and 
filtered off; the filtrate was freeze dried at —50 °C with a FTS apparatus. 
3 Experimental part 
3.1 Separation of the growth inhibitor from lactose 
3.1.1 General principles. Pharmaceutical-grade lactose contains at most 
0.1% non-lactose substances, which are derived from whey. During recrys-
tallization of this type of lactose part of these accompanying substances re-
mains in the mother liquor, whereas the growth inhibitor is easily incorpo-
rated in the lactose crystals, as was demonstrated in Ref. (1), Section 4.3.2. 
Recrystallization is therefore a good and simple method to concentrate the 
growth inhibitor in lactose and to remove at the same time other substances 
that are not incorporated. By repeating recrystallization the result may be 
improved. Subsequent separation of the accumulated ionic compounds from 
the lactose can be carried out by ion exchange, as demonstrated in Ref. (1), 
Section 4.4 and 4.8. In this way a lactose-free concentrate of the growth re-
tarder may be obtained. 
3.1.2 Preparation of recrystallized lactose. A portion of CCF-BP lactose (4) 
was dissolved in an equal weight of boiling water. The solution was cooled 
to room temperature, seeded with a pinch of the starting material and 
allowed to crystallize while stirring for about six hours. At the end of this 
period the yield of the crystallization was about 50% and the pH of the 
mother liquor 7.30. The recrystallized lactose was separated from the bulk 
of the mother liquor on a buchner funnel, washed with a little water and 
again dissolved in water. Recrystallization was repeated under roughly the 
same conditions. The sugar obtained was checked for the presence of chlo-
ride, sulfate and free phosphate by one of the methods of Section 2.2.1; all 
tests turned out negative. 
3.1.3 ¡on exchange. A solution with a concentration of 25 g of the above 
recrystallized lactose per 100 g water was passed successively through a 
IMAC-Duolite С 20 cation exchange column (150 χ 20 mm) in the hydrog­
en form and through a Duolite ES 368 anion exchange column (250 χ 20 
mm) in the hydroxy! form. The flow rate was about 250 ml per hour and 
the specific conductance of the outflow remained below 0.5 μ5 · cm - 1. After 
passage of the lactose solution the anion exchanger was washed with water, 
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treated with an excess of 0 5 N H2SO,,, which was passed with a flow rate 
of about 100 ml per hour and nnsed with water, until the outflow had a pH 
of about 4 The combined outflow had a very faint turbidity, which was fil­
tered off and not further examined 
314 Removal of sulfuric acid This was earned out by gradual addition of 
BafOH), to the above mentioned filtrate, this was performed by stirring un­
der controlled pH conditions at room temperature and was continued to a 
pH of about 3 5 After sedimentation of the BaSC^ precipitate the solution 
was filtered through a 'Schleicher & Schuil Blauband' filter Addition of a 
pinch of Ba(OH)·, to the filtrate gave no further precipitation, so that re­
moval of sulfate was complete Removal of the excess Ba was earned out 
by passing the filtrate through a Duohte Syn 106 cation exchange resin co­
lumn (150 χ 20 mm) in the hydrogen form The solution, which had a faint 
yellowish appearance before, was also discoloured by this operation After 
passage of the solution the column was rinsed with water until the outflow 
had a pH of about 4 The total effluent thus obtained, which will be called 
acid concentrate' had a pH of about 2 0 
3 2 Experiments with the acid concentrate 
3 2 1 Preliminary experiments Growth inhibition by the acid concentrate 
obtained was checked in the same way as in Ref (1), Section 4 8 10 ml of 
this concentrate was mixed with a solution of 41 5 g non-ionic lactose in 
90 g water and a standard growth expenment was made, as described in 
Ref (1), Section 3 None of the faces grew, so the presence of a growth in­
hibitor was confirmed A portion of 25 ml acid concentrate was diluted with 
water to a volume of about 60 ml and titrated potentiometrically with 0 1 N 
NaOH The titration curve is given in Fig 1 
Just like the titration curves of recrystallized lactose, given in Ref (1), Fig 
4, this curve exhibits two neutralization points Above the second point the 
curve of Fig 1 attains higher pH values than those of Ref (1), Fig 4 This 
must be caused by the presence of lactose in the latter case, which has 
some buffering action in this pH area, see Ref (1), Fig 5 Up to the first 
neutralization point at pH 4 26 we needed 10 20 ml 0 1 N NaOH, while the 
total use up to the second point at pH 8 67 was 18 75 ml Most of the acid 
present is thus dibasic, while a comparatively small quantity of a monobasic 
acid also may be present 
In a sample of the acid concentrate a qualitative spot test for free 
phosphate was earned out with the method of Section 2 2 1 This lest gave 
a negative result The qualitative test for total phosphate, described in the 
same section gave a positive result 
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Fig 1 Titration curve of 'acid concentrate' 
An analysis for total phosphate was earned out with the method of Sec­
tion 2.2 2 after wet digestion of the sample; this gave a phosphate content 
of 0.33 g/100 ml. Assuming that the phosphate compound is a dibasic acid, 
it can be calculated that this content corresponds to 0 33 χ 2000/95 = 6 9 
mequiv. acid per 100 ml From the neutralization points of the titration 
curve of Fig. 1 a total amount of 2 χ 0.1 χ (18.75 — 10.20) = 1.71 mequiv. 
dibasic acid per 25 ml was titrated, corresponding to 6 84 mequiv. per 100 
ml. The titration curve of Fig 1 may thus be explained by assuming the 
presence of 1.7 mequiv. of dibasic phosphoric ester and 0.1 to 0.2 mequiv. 
of monobasic acid without a phosphate group in a volume of 25 ml. 
We tried to crystallize one or more of the constituents from the acid con­
centrate with one of the following methods 
(ι) A portion of the material was evaporated on a steam bath This gave a 
syrupy liquid, in which no crystallization occurred. 
(и) Another portion was freeze-dned at —50 °C. A sticky hygroscopic 
powder was formed, which by microscopical examination appeared to consist 
of amorphous globules. 
(in) A drop of the solution was dried gradually at room temperature on a 
microscopical slide in a vacuum desiccator above P2O,. A thin, glassy layer 
remained, in which no sign of crystallization could be observed. 
Because none of these methods gave any result, it was tried to perform 
crystallization in the form of a salt, but this was again unsuccessful. No 
precipitate was formed after addition of sodium, potassium, banum or 
S-benzylisothiuromum salts (Ref. 11) and evaporation gave in every case a 
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syrup An attempt to form a silver salt failed, because the silver ions added 
were reduced spontaneously. 
The UV-spectrum of the acid concentrate was measured between 350 and 
200 nm. Besides the non-specific maximum at a wavelength <210nm, 
which is given by most organic compounds, an important shoulder was ob­
served in the area of about 260 nm. 
3 2 2 Reactions for sugar phosphate. The fact that by far the greater part 
of the acid obtained consists of one or more dibasic phosphate compounds, 
in combination with the reducing properties of the acid concentrate, as ob­
served with the addition of the silver salt, are strong corroborations for the 
conclusions of Timmermans Both facts can be explained by assuming the 
presence of a phosphate ester of a reducing sugar A further indication 
about the growth inhibiting action was obtained by boiling 10 ml of the so­
lution with a surplus of NaOH After cooling the solution was passed 
through a cation exchanger and applied in a growth expenment under 
standard conditions. The growth of the (010) face (Κ,,,ο) was here 20.1 μη 
per hour, so the growth inhibiting action had fully disappeared. 
We also tried to dephosphorylate a portion of acid concentrate with acid 
phosphatase, as described in Section 2.2 4. It turned out, however, that the 
phosphatase was inactive in this environment, for the reaction for free 
phosphate was negative and the growth inhibiting properties had remained. 
A next step is the purification of the sugar phosphate fraction, so that 
more data can be obtained about its composition and its growth inhibiting 
properties. 
3 3 Preparation of the sugar phosphate fraction 
3 31 Some properties of sugar phosphates Some authors have described 
the presence of phosphate esters and m particular sugar phosphates in milk. 
McGeown & Malpress (12) demonstrated that glucose-1-phosphate and 
galactose-1-phosphate are constituents of milk in quantities of the order of 
1 ppm, while glucose-6-phosphate and lactose-1-phosphate are probably 
present. Hoff & Wick (13) identified N-Acetylglucosamine-1 -phosphate, 
fructose-6-phosphate, galactose-1-phosphate and glucose-6-phosphate in 
quantities up to about 85 ppm. Cumar et al (14) isolated from milk lactose-
З'-phosphate, which has a galactose bound phosphate group A survey of 
the sugar phosphates of which the presence in milk is established, is given 
by Walstra & van der Haven (15), in addition to the above mentioned 
compounds fructose- 1-6-diphosphate and pentose phosphates are mentioned. 
From the sugar phosphates occurring in milk merely D-galactose-6-
phosphate, D-glucose-6-phosphate and α-lactose-1-phosphate could be pur-
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chased in a pure state. Growth experiments under standard conditions were 
performed with these compounds; none of them reduced R,,,,,. 
Besides the natural sugar phosphates many synthetically prepared sugar 
phosphates are described in literature. Reviews have been published by 
Leloir (16) and by Hassid & Ballou (17), so a picture can be formed about 
the chemical and physical properties of these compounds. An example of 
crystal growth retardation by a sugar phosphate was given by Smythe (18), 
who demonstrated a growth rate reduction of sucrose in the presence of a 
calcium salt of a synthetic sugar phosphate, which was prepared by the 
method of Neuberg & Pollak (19), but which is not a pure compound (20). 
Sugar phosphates are rather strong dibasic acids, which have higher acid 
constants than H,P0 4 . For their isolation it is important that the barium 
salts of the monophosphoric esters are only slightly soluble in 50% or 
stronger ethanol. This enables separation of these compounds from aqueous 
solutions by addition of ethanol, whereas most other water soluble barium 
salts do not precipitate under these conditions. 
Phosphates of carbohydrates do not have a UV spectrum (13). 
3.3.2 Preparation of barium salts. Because most sugar phosphates do not 
crystallize from aqueous solutions, they are mostly separated by ethanol 
precipitation of their barium salts. An example is given in Ref. (21) for a-
and ^-lactose-1-phosphate. According to this method a portion of the acid 
concentrate was neutralized to pH 8.2 with Ba(OH)2. A faint turbidity, 
probably consisting of BaCO,, was filtered off and to the filtrate a twofold 
volume of 96% ethanol was added slowly. A white, voluminous precipitate 
developed, which was centrifuged and rinsed; first with 96% ethanol and 
finally with absolute ethanol. After the last centrifugation the precipitate was 
dried in a vacuum oven at 40 "C and stored above РгО,. Microscopical 
examination with crossed polarization filters revealed that the material ob­
tained was amorphous. Such was also the case with most barium salts of the 
sugar phosphates described by Leloir (16). 
3.3.3 Analysis. The material was analyzed for Ba" and for total phosphate, 
with the methods given in Section 2.2.2; this gave 24.6 and 16.7% respec­
tively. These values are very near to the theoretical values for Ba salts of 
disaccharide monophosphates, which have the bruto formula C|2H2 10|4BaP 
(Ba = 24.6%; P 0 4 = 17.0%). 
A portion of the material was subjected to a treatment with acid phospha­
tase, as described in Section 2.2.4, during 4 hours at 30 °C. After the treat­
ment the solution was filtered off and freeze-dried at —50 °C. The remaining 
solid was examined for carbohydrates with GLC, as mentioned in Section 
2.2.3. About 60% of the carbohydrate consisted of lactose, with glucose and 
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galactose about 20% each In view of this result and that of the analysis of 
the barium salt, this substance probably consists of one or more lactose 
monophosphates The presence of the monosaccharides can be explained 
from a /J-galactosidase activity of the phosphatase used, by which part of 
the lactose formed has been split up In an expenment during a longer time 
merely glucose and galactose were found, while lactose was absent 
We also tried to split up the lactose monophosphate into a monosaccha­
ride and a monosaccharide phosphate with a /?-galactosidase, as was de­
scribed in Section 2 2 5 The GLC of the solid obtained showed, however, 
that only very small quantities of glucose and galactose were present It is 
thus impossible to split up the lactose monophosphate with /7-galactosidase 
3 3 4 Check for growth retarding A portion of 100 mg of the banum salt 
was dissolved in 50 ml water and this solution was passed through a small 
column of IMAC Duolite С 20 cation exchanger After rinsing the column 
with water the total volume of the outflow was diluted to 100 ml An ali­
quot of 25 ml was used for a crystal growth experiment under standard con­
ditions (Ref 1) by mixing it with a solution of 41 5 g non-ionic lactose in 
75 ml water and measuring at 30 °C crystal growth of lactose in this solu­
tion Growth of the (010) face was only 0 9 цт/Ь, so that an explicit 
growth retarding had occurred We may be pretty sure now that the growth 
retarding substance consists of lactose monophosphonc acid(s), but the pre­
cise structure still has to be clarified 
3 4 Further purification 
The analysis of Section 3 3 3 had given Ba and PO4 percentages that fitted 
in with those of disacchande monophosphates We found, however, in the 
UV spectrum of a 16 7% solution of the banum salt a peak at 260 nm with 
an extinction of 0 27 Because it is known from literature data that sugar 
phosphates do not have an UV spectrum (13), our Ba salt is not entirely 
pure Besides we met with the fact that barium lactose phosphate was not 
very stable, even if stored at —4 °C in a closed bottle After some days the 
colour of the matenal became faintly yellowish and it did not give a clear 
solution anymore Probably under the influence of the pH of about 8 2 in 
combination with traces of water some hydrolysis to lactose and Ba^PO^), 
had occurred We therefore converted the banum salt into the free acid, 
with the same operation also a purification was obtained We applied a 
method given by Hurlbert et al (22), which was modified slightly A solu­
tion of 2 g banum lactose phosphate in 50 ml water was passed through a 
column of 25 ml Duolite С 20 cation exchanger The total outflow was neu­
tralized with NH4OH to pH = 8 0 and passed through a column of 50 ml 
Bio-Rad AG 1 X 8 analytical grade anion exchanger in the formate form 
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In this way sugar phosphates were adsorbed to the column, replacing part of 
the formic acid bound before. The column was nnsed with 150 ml water to 
remove the unadsorbed solutes. The total eluate was checked for total 
phosphate with the method given in Section 2 2.1 and gave a negative reac­
tion A portion of 25 ml of this solution was examined for growth retarding 
by mixing it with a solution of 41.5 g non-ionic lactose in 75 g water and 
performing a crystal growth experiment under standard conditions (Ref. 1). 
This gave R,,,,, = 18.5 цт/Ь thus also a negative result The column was 
eluted further with portions of 25 ml aqueous formic acid solution, of which 
the concentration was increased gradually from 0.3 M to 10 M, the flow 
rate was 1 5 ml/min. The outflow was collected in fractions of 25 ml, which 
were checked for the presence of total phosphate with the method given in 
Section 2 2 1. 
The total amount of the fractions with a positive phosphate reaction was 
collected and freeze-dned at — 50 °C, by which the formic acid was removed 
simultaneously with the water. The dned lactose phosphate had no UV 
spectrum in a 10% solution in water and could be stored at —4 °C without 
decomposition. The material was, however, amorphous and strongly hygro­
scopic. 
A portion of the lactose phosphate obtained was dissolved in water and 
titrated with 0 1 N NaOH, this gave a titration curve strongly resembling 
that of Fig. 1. Now up to the first neutralization point 8.80 ml was used, 
while the total use up to the second point was 17.65 ml. The purified lac­
tose phosphate is thus essentially free of monobasic acids. 
3 5 Experiments for structure determination 
3 5.1 Introduction. Lactose molecules have eight hydroxyl groups, thus 
eight possibilities for attachment of a phosphate group (Fig. 2). The older 
literature, which was compiled by Leloir (16), gives a number of classical 
methods for the location of the phosphate group in a sugar phosphate mole­
cule These methods, of which the periodate oxydation is the most impor-
OH 
(a) (b) 
я-lactose /?-lactose 
Fig 2 (a, b) Molecular structure of a- and /Mactose 
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tant one, all have the disadvantage that a relatively large quantity of the 
substance is used and also consumed. Nowadays mostly modem instrumental 
techniques are in use, such as nuclear magnetic resonance (NMR), gas 
liquid chromatography (GLC) and mass spectrometry (MS). These methods 
need much less of the substance and are in many cases non-destructive. 
During the further investigation a combination of methods will be used. 
3.5.2 GLC examination. A small portion of the lactose phosphate obtained 
with the method of Section 3.4, was analyzed with the GLC method men­
tioned in Section 2.2.3; the column temperature was 245 °C. The chromato-
gram obtained is given in Fig. 3, while the peak areas, expressed as per­
centages of their sum, are given in the fourth column of Table 1. 
Fig. 3. GLC diagram of lactose phosphate isolated from lactose. 
Up to a retention time of 10 minutes there were some small peaks with a 
total area of less than 1% of the total peak area. These peaks correspond 
to the trimethylsilyl compounds of the anomers of glucose, galactose and 
lactose, so that obviously some decomposition had occurred. The trimethyl­
silyl compounds of lactose phosphate gave five peaks with retention times 
between 10 and 30 minutes. Taking into account that each silylated sugar 
anomer (α, β or open-chain compound) may have its own peak, we must 
reckon with the presence of at least two lactose phosphates on account of 
the peaks obtained. 
122 
The ratio of the peak surfaces has varied somewhat among the various 
batches lactose phosphate that were prepared. 
3.5.3 Acid hydrolysis. The rate of hydrolysis of a monoester of phosphoric 
acid and a saccharide strongly depends on the structure of the compound. 
Only the aldose-1-phosphates are acid-labile: in 1 N sulfuric acid they are 
completely hydrolyzed within a few minutes, whereas the other sugar phos­
phates are hydrolyzed much slower. 
Lactose, when heated in an acid environment, is gradually split up into 
the monosaccharides glucose and galactose. It has to be expected therefore 
that a lactose phosphate will also undergo a similar splitting up, giving either 
glucose and a galactose phosphate or galactose and a glucose phosphate. 
In order to obtain more insight in the structure of the constituents of our 
lactose phosphate mixture, we carried out an acid hydrolysis experiment with 
this mixture. The progress of the hydrolysis was followed by examining the 
reaction products gaschromatographically. 
The hydrolysis experiment was carried out with a freshly prepared solution 
containing 13.6 mg lactose phosphate per ml. Portions of S ml of this solu­
tion were pipetted into each of a series of round-bottom flasks of 100 ml. 
After addition of 25 ml 1.2 N HCl the flasks with the solutions were heated 
under reflux in a thermostated bath at 100 °C during 15, 30, 60, 120 and 
180 minutes respectively. At the end of these times one of the flasks was 
taken out of the bath; the content was immediately cooled to room temper­
ature and neutralized with 25 ml 0.6 M ^гСОз- The solutions obtained 
were freeze-dried at — 50 °C and the dried materials were examined gaschro­
matographically. Samples of the materials were silylated as indicated in Sec­
tion 2.2.3 and injected on a SE 30 column of the gaschromatograph. For 
the column the following temperature program was used: 
0 - 1 3 min. 165 °C isotherm. 
13 - 17 min. increase with 10 К · min-1. 
17-24 min. 205 "С isotherm. 
24 - 28 min. increase with 10 К · min"1. 
28 - 50 min. 245 "С isotherm. 
The results of the hydrolysis experiments are given in Fig. 4 and 5 and in 
Table 1. 
Fig. 4 gives as examples the gaschromatograms of the situation after 15 
and after 180 minutes. The peaks have been designated with the letters a-q. 
The peaks of the monosaccharides and those of lactose could be identified 
because many other sugars had been examined before with the same 
column. 
Table 1 gives the peak areas as percentage of the total area of all peaks 
123 
Tabic 1 Progress of the acid hydrolysis of lactose phosphate 
Retention Peak Compound Peak area (%) 
time symbol Time of hydrolysis (mm) 
(mm) 
7 3 
8 S 
94 
10 1 
14 2 
179 
19 I 
19 8 
20 7 
21 5 
22 6 
29 3 
317 
17 7 
38 4 
39 9 
43 5 
— 
a 
b 
с 
d 
e 
f 
g 
h 
ι 
J 
к 1 
m 
η 
0 
Ρ 
q 
г 
y-galactose 
α-galactose 
(X glucose 
^-galactose 
/7-glucose 
MP I 
MP II 
MP III 
MP IV 
MP V 
MP VI 
ar-lactose 
/Mactose 
LP I 
LP 11 
LP III 
LP IV 
LP V 
o*) 
-
— 
— 
-
— 
-
-
— 
-
-
— 
0 2 
0 4 
29 3 
16 0 
12 3 
400 
1 8 
15 
— 
— 
118 
0 2 
219 
1 8 
0 3 
24 4 
77 
-
— 
— 
-
14 1 
6 1 
— 
116 
— 
30 
0 9 
2 1 
14 5 
3 0 
19 2 
13 
0 8 
23 9 
6 7 
1 0 
1 1 
0 2 
0 1 
9 9 
37 
0 6 
7 2 
-
60 
0 9 
1 5 
19 6 
2 9 
26 6 
1 2 
0 6 
26 5 
8 3 
1 6 
1 8 
-
-
2 4 
10 
— 
2 4 
— 
120 
14 
2 2 
22 9 
4 4 
29 8 
0 9 
0 4 
210 
6 1 
3 2 
3 8 
— 
-
— 
— 
— 
— 
— 
180 
2 2 
38 
22 7 
8 2 
30 1 
0 4 
0 4 
12 1 
2 9 
6 0 
7 9 
— 
-
— 
— 
-
— 
— 
*) Data of Fig 3, the corresponding retention times are those of Fig 3 
L Ρ = lactose phosphate Μ Ρ = monosaccharide phosphate 
of the corresponding diagrams Such a percentage is not an exact mass or 
molecular percentage, because only from part of the silylated constituents a 
conversion factor for these percentages is known But the area percentages 
given in Table 1 may give good indications for the progress of the process 
Fig 5 represents the development of the reaction products galactose, glu­
cose and monosaccharide phosphate and the decay of the total lactose 
phosphate For each of the above constituents the total peak surface of all 
silylated anomers was calculated and expressed as a percentage of the total 
surfaces of all peaks of the diagram Fig 5 gives these percentages as a 
function of the time Besides that, the development of a possible 'disaccha-
nde' fraction is given, this consists of the lactose peaks and the other peaks 
in their vicinity, thus the sum of all peaks between к and η It is a known 
fact that a mixture of disacchandes, such as for instance cellobiose, gento-
biose, isomaltose and maltose can be formed from glucose in an acid envi­
ronment (23), presumably galactose undergoes a similar reaction Probably 
most peaks of the 'disacchande' fraction relate to disacchandes originated 
from glucose or galactose 
It can be seen from Fig 5 that glucose was set free much faster than 
galactose When the decay of the lactose phosphate was finished, the quan-
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Fig 4 GLC diagrams of the acid hydrolysis process of lactose phosphate Upper 
after 15 minutes, lower after 180 minutes 
tity of glucose remained constant, whereas that of galactose still increased, 
but the total quantity of galactose and monosaccharide phosphate was than 
further constant. The conclusion must therefore be that our lactose phos­
phates are split up comparatively rapidly into glucose + galactose phos­
phates, which are gradually dephosphorylated. As a consequence the 
phosphate groups of the molecules of our lactose phosphate mixture must 
be bound to the galactose moieties. This conclusion is supported by the in­
activity of the /7-galactosidase enzyme (Section 3 3.3) 
In Fig. 6 and Table 1 there are six galactose phosphate peaks, which are 
designated with the letters f to k. The peaks f and g are comparatively small 
and decrease during the process. The peaks j and к are not yet present after 
IS minutes, but once present their areas rapidly increase at the cost of those 
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Fig. 5. Development of the reaction products of the acid hydrolysis of lactose phos­
phate. DS — disacchandes; Gal — galactose; MSP = monosaccharide phosphates; Glu 
— glucose; LP = lactose phosphates. 
of the other galactose phosphate peaks, also after the lactose phosphate is 
used up. The peaks j and к thus correspond to galactose phosphates formed 
by isomerization of the primary formed galactose phosphates. It is a known 
fact that phosphate esters of polyhydroxyl compounds are subject to intra­
molecular migration of a phosphate group from one OH group to another 
under the influence of acids. This migration, which probably proceeds 
through an intermediate cyclic compound, leads to equilibrium mixtures of 
isomeric phosphate esters (17). Probably we have here an example of such 
an isomerization; the consequence is that the peaks j and к represent galac­
tose phosphates of which the molecular structure is not identical with the 
galactose moiety of our lactose phosphates. 
3.5.4 GLC of galactose phosphates. Wenger & Anderson gave in a recent 
paper (24) data about a synthetically prepared D-galactose-6-phosphate, of 
which the ban urn salt was sold by Sigma Chemical Co. The authors demon­
strated that the product is contaminated with two of its positional isomers. 
With enzymatic, gaschromatographic and mass spectrometric methods these 
compounds were identified as D-galactose-3-phosphate and D-galactose-S-
phosphate. Molecules of the former substance may have a furanose or a 
pyranose ring structure, those of the latter substance must have a furanose 
ring structure. In the above mentioned paper some GLC diagrams of the 
trimethylsilyl compounds of the galactose phosphate mixture are given. In 
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order of retention time successively small peaks of the 5- and 3-phosphate 
and two larger peaks of the 6-phosphate were observed. 
We decationized a sample of the Sigma product in the same way as de­
scribed in Section 3 3.4. The galactose phosphate was obtained by freeze-
drying the decationized solution at —SO °C; the dned material was silylated 
and submitted to GLC analysis with the method described in Section 2.2.3 
with the same temperature program as applied for the hydrolysis products of 
the lactose phosphates. A similar pattern of peaks as in the above paper 
was obtained, the retention times and relative areas are given in Table 2. 
Table 2 GLC analysis of a sample galactosc-6-phosphate of Sigma 
Retention lime Peak symbol Surface area 
(mm) (%) 
ΙόΊ Î Öl 
179 2 11 
18 4 3 0 2 
19 0 4 10 
19 8 5 26 4 
20 7 6 OS 
21 7 7 33 1 
22 9 8 30 7 
Apart from the minor peaks number 1 and 3 all peaks have retention 
times that concur exactly or approximately with those of the peaks f to к of 
Table 1. In the paper of Wenger & Anderson the two large peaks with the 
longest retention times, thus number 8 and 9 correspond to the a- and ß-
anomers of the pyranose form of galactose-6-phosphate. The accompanying 
galactose-5-phosphate and galactose-3-phosphate might be represented by 
the peaks 5 and 6 respectively. No peaks corresponding to our peaks 1 to 4 
were mentioned by the above authore. 
On account of the agreement of the retention times of the peaks f to к in 
Table 1 with those of the peaks 2 and 4 to 8 in Table 2 there is an indica­
tion that both galactose-5-phosphate and galactose-3-phosphate are splitting 
products of our lactose phosphate mixture. By isomenzation a compound is 
formed with the same retention time as galactose-6-phosphate, the latter 
compound is thus probably no splitting product itself. 
J.J.J Experiments with fractions of the lactose phosphate The fractions ob­
tained from the elution with HCOOH (Section 3.4) did not have all the 
same GLC pattern. Especially the last fraction, which was obtained with 
about 0.7 M HCOOH, had a pattern with relatively small η, ρ and r peaks 
(see Fig. 3 and Table 1). We therefore repeated the column treatment men­
tioned in Section 3.4 with part of the last fraction. The last fractions of this 
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Fig. 6. "Ρ NMR spectrum of a lactose phosphate fraction. 
elution gave a freeze-dried powder with a GLC pattern consisting of the 
peaks о and q with the ratio 1.6 to 1 and only traces of p. 
A solution of this material in D 2 0 was examined for NMR spectra on a 
Varían Spectrometer CFT 20 (Ref. 25) at the Laboratory of Organic Chem-
istry of the Technical University in Delft. Both a "P spectrum and a "P 
spectrum Ή decoupled were obtained. The latter gave a large peak at 38.1 
and a smaller one at —32.1 Hz (Standard Η,ΡΟί = 0); see Fig. 7. The 
former gives double peaks with ^P-'H coupling constants of about 8 and 
9.5 Hz; see Fig. 6. These results demonstrate that in the fraction examined 
two non-equivalent phosphates are present and that because each of the 
peaks in Fig. 6 is split up into a doublet, both phosphates are bound to a 
carbon atom that bears only one hydrogen atom, thus in this case lactose-6-
phosphate and lactose-6'-phosphate cannot be present. This is in accordance 
with the result of Section 3.5.4. The integration curve in Fig. 6 gives an in­
dication about a roughly estimated molar ratio of 2.5 to 1. 
A portion of the total lactose phosphate obtained as described in Section 
3.4 was examined on a HPLC apparatus of the 'Proefstation voor Aard-
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Fig. 7. "P NMR spectrum Ή decoupled of the lactose phosphate fraction of Fig. 6. 
appelverwerking TNO' in Groningen (26). Portions of 100 μΐ of a 5% lac­
tose phosphate solution in water were brought upon an Aminex 1 X-8 anion 
exchanger (sieve fraction smaller than 400 mesh) in the acetate form in a 
column of 150 χ 4 mm. The column was eluted at 50 °C with 0.3 M 
C H Ì C O O H - C H ^ O O K buffer at pH = 5 with a rate of 1.5 ml/min. A 
Knaller refractometer was used for the detection. Three peaks were ob-
tained, of which the first small one probably corresponds with lactose; the 
material corresponding with the other peaks gave a positive phosphate reac-
tion (Section 2.2.1). See Fig. 8. 
This experiment was carried out twelve times and the fractions A and В 
were collected. The water and the acetic acid were removed by freeze-drying 
and the potassium acetate by extraction of the powder obtained with abso­
lute ethanol. The remaining powder was dissolved in water and freed from 
potassium ions with a cation exchanger (Section 3.3.4). After freeze-drying 
of the solutions obtained the materials were examined with GLC (Section 
2.2.3). The pattern of both fractions consisted of three peaks: 
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Fig. 8. HPLC diagram of the separation of the fractions A and B. 
- The GLC pattern of A consisted of a small peak with a somewhat 
shorter retention time than n, which here will be called n' and of the peaks 
ρ and r. 
- The GLC pattern of В consisted of the peaks η, о and q. 
NMR spectra of both compounds were recorded at the Dutch National 
500/200 hf - NMR facility at Nijmegen. It turned out that both fraction A 
and fraction В consists of more than two compounds; it is therefore impos­
sible to identify these mixtures with the methods applied (27). 
To check the growth retarding action growth experiments under standard 
conditions (Ref. 1) were carried out with about 3 mg of the fractions A and 
B. The results, given in Table 3, show that the material of В has growth re­
tarding properties at pH = 4.0. That of A does not retard the growth at 
this pH, but at pH = 7.0 the growth is clearly depressed. 
A further step might be to separate and to identify the compounds of 
both fractions with a combination of GLC and mass spectrometry (MS). Be­
cause the trimethylsilyl derivatization would give too high molecular weights 
for using MS, it has to be sought for an alternative method. 
Although in this stage no exact structures of all growth retarders can be 
given, it is possible to give a preliminary conclusion about the present lac­
tose phosphates. It was shown in Section 3.5.3 that upon acid hydrolysis this 
mixture is split primarily into galactose phosphates and glucose and that 
galactose-6-phosphate, being formed later in the process will be no primary 
splitting product. As a consequence no more than six lactose phosphates can 
be present in the mixture, viz three with a galactopyranosyl moiety, where 
the phosphate group is linked to С (2'), С (3') and С (4') and three with a 
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galactofuranosyl moiety, where it is linked to С (2'), С (3') and С (5'). Be­
cause the mixtures A and В each contain at least three compounds, we 
think that the six isomers mentioned above are all present. Because the 
GLC pattern of the lactose phosphate obtained in Section 3.4 consists of six 
peaks (Fig. 3), we think that each of these peaks stands for the total of the 
anomers of one lactose phosphate. This was also true for the fraction de­
scribed at the beginning of this section, where two GLC peaks correspond 
to two NMR peaks in Fig. 7. Obviously it is thus impossible to separate the 
anomers of lactose phosphates with this GLC method. 
There is no quantitative relation between the results mentioned above and 
those of the hydrolysis experiments of Section 3.5.3. This must be due to 
the fact that part of the galactose phosphates and possibly of the lactose 
phosphates is unstable under the harsh acidic conditions of the hydrolysis. 
Because the technical preparation of galactose-6-phosphate is carried out 
under comparable conditions, in which also smaller quantities of galactose-5-
and galactose-3-phosphate are formed (28), it is likely that also the galac­
tose phosphate mixture obtained from the hydrolysis experiment tends to an 
equilibrium where most of the material is present as galactose-6-phosphate. 
The GLC patterns obtained in Section 3.5.3 can thus be explained by as­
suming isomerization of the galactose phosphates obtained to two galactose 
phosphates with the same retention times as galactose-3- and galactose-5-
phosphate, followed by a slower isomerization towards galactose-6-phosphate. 
Presumably also part of the lactose phosphate is tsomerized during this pro­
cess (see for instance the rapid decrease of peak ρ in Table 1), but because 
hydrolysis occurs at the same time no quantitative conclusions can be drawn. 
3.6 Summary of the experimental part 
It was known before that pharmaceutical-grade lactose contains a growth 
retarder with an acid character, which might be a sugar phosphate. 
The sugar phosphate fraction was isolated from lactose with ion exchange 
and purified. By-products could not be obtained in a pure state and were 
not examined therefore. The purified sugar phosphate fraction had indeed 
growth retarding properties and appeared to consist of lactose phosphates. It 
was found with acid hydrolysis that the phosphate groups are only bound at 
the galactose moieties of the molecules and that no lactose-6'-phosphates 
are present. Theoretically six isomers are thus possible: three with a galacto­
furanosyl bound and three with a galactopyranosyl bound phosphate group. 
Two fractions were obtained with HPLC, both of them giving three GLC 
peaks. With NMR it was found that each of these fractions consists of at 
least three compounds, so a direct identification was impossible. Probably 
the six possible isomers are all present in the total mixture. 
An unambiguous statement about the growth retarding properties of each 
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of the isomers can only be given if it is possible to split up the mixture in 
its components. In that case each component can be identified and its 
growth retarding properties can be checked. With the available techniques 
this is not yet possible. It was, however, possible to gather enough informa­
tion about the mixture to be able to give a probable enumeration of the 
compounds and an explanation of their growth retarding action (Section 4). 
4 Discussion of the growth retarding action 
It was stated by van Kreveld (29) that carbohydrates having either the same 
^galactosyl or 4-O-glucose group as lactose, retard the growth of α-lactose 
hydrate crystals by a specific adsorption. Using solutions with low /?-lactose 
contents, the author was able to prove this statement for the a, —b and с 
directions of the crystal. For the -l-b direction, where the Ct-anomers of 
carbohydrates with the same 4-O-glucose group as lactose might be ad­
sorbed, it was impossible to prove this statement with the technique em­
ployed. 
The lactose phosphates mentioned in this paper have the same 4-O-glu­
cose group as lactose and probably they all are able to retard the growth of 
the (010) face, thus in the -l-b direction. Obviously the glucose moieties of 
the α-anomers of these compounds are able to block growth sites destined 
for integration of the glucose moieties of a-lactose molecules. For this case 
the growth retarding is corroborated by the theory, but there are some cases 
which are not in accordance herewith. 
(i) Cellobiose The growth retarding- action of cellobiose (4-Ο-β-Ό glucosyl 
glucose), of which the α-anomer has the same glucose moiety as α-lactose, 
was examined with standard growth expenments at 30 °C (Ref. 1). To the 
lactose solutions containing 41 50 g lactose hydrate in 100 g water (corre­
sponding to the concentration С = 38 62 g anhydrous lactose per 100 g 
water) quantities of 0.5 and 10.0 g cellobiose were added, after which 
growth experiments were earned out. The solubility of α-lactose in water is 
decreased by the presence of cellobiose (Ref. 30), thus the supersaturation is 
somewhat higher than 1.611, the normal value for standard growth expen­
ments. The results are given in Table 3; it turns out that there is some 
growth retarding, but this needs much more growth retarder than in the case 
of the lactose phosphate fractions (Section 3 5 5; Table 3) Here a clear dis­
crepancy exists. 
(n) Growth at pH = 1 It was shown in Ref. (1), Fig. 3 that the growth of 
the (010) and (110) faces in solutions of recrystallized lactose strongly de­
creases with decreasing pH; this effect was observed down to pH = 2.5, 
where the growth of these faces became less than 0 2 /m/h However, 
Twieg & Nickerson (31) found with bulk growth expenments that growth at 
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Table 3 Results of growth experiments. 
Lactose grade С S pH t Addition R,ll() 
g/100g °C /m/h 
water 
Non-ionic 
Non-ionic 
Non-ionic 
Non-ionic 
Non-ionic 
Non-ionic 
Non-ionic 
CCF-pharmac. 
CCF-pharmac. 
38.62 
38.62 
38.62 
38.62 
38.62 
38.62 
29.33 
29.33 
29.33 
1.611 
1.611 
1.611 
1611 
1.616 
1.683 
1 576 
1.576 
1.576 
-
4.0 
7.0 
4.0 
4.2 
1.0 
30 
30 
30 
30 
30 
30 
20 
20 
20 
— 
3 m g A 
3mg A 
3 m g B 
0.5 g ccllobiose 
10 g cellobiose 
— 
-
HCl 
19.1 
19.8 
10.3 
16.0 
19.7 
13.1 
7.1 
1.3 
7.9 
pH = 1 is much faster than that at pH = 4. We checked this with a mono-
crystal growth experiment with pharmaceutical-grade lactose at 20 °C and 
found indeed that the growth retarding action had fully disappeared; see 
Table 3. Probably at pH = 1 all lactose phosphate compounds are present 
as molecules and at pH = 4 at least to a large extent as anions. However, 
both molecules and ions have the same glucose moiety, so this difference in 
growth retarding properties cannot easily be explained. 
(iti) Fraction A: It was shown in Section 3.5.5 that the lactose phosphates 
of this fraction, which have the same glucose moiety as lactose and the lac­
tose phosphates of fraction B, are able to retard the growth at pH = 7, but 
not at pH — 4. A possible cause is the difference in acid strength of the 
compounds of both fractions. Fig. 8 shows a considerable difference in re­
tention time between A and В (resp. 4.1 and 9.9 minutes), thus A must 
consist of much weaker acids than B. We think that at pH = 4 the lactose 
phosphates of fraction A are mainly present as molecules and those of В as 
ions and that at pH = 7 A is also in the ionic state. This case is thus prob­
ably more or less the same as the above mentioned one. 
(iv) Ion strength: We examined the effect of some inorganic salts of milk 
and whey upon the growth rate of the (010) face in solutions of pharma­
ceutical-grade lactose; growth experiments were carried out under standard 
conditions. It turned out that i^ ,,,, is strongly increased by these salts; see 
Table 4. However, these results are influenced by an increase or decrease of 
the lactose solubility by the salts. From the salts of Table 4 NaCl has a 
small and MgClj a much larger solubility depressing action for lactose, 
whereas CaCl2 and KCl increase its solubility to a small and a much higher 
extent, respectively. But considering the standard value for К,,,,, of non-ionic 
lactose being 19.1 /лп/h (1), it is clear from Table 4 that with ion strengths 
above about 0.3 the growth retarding is ruled out. 
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Table 4 Influence of salts upon R,,,,, in solutions of pharmaceutical-grade lactose 
Salt 
-
KCl 
KCl 
KCl 
KCl 
KCl 
KCl 
NaCI 
NaCI 
NaCI 
MgCI, 
MgClj 
CaCl, 
CaCI, 
CaCl, 
Concentration 
g/" 
0 
0 79 
3 93 
7 87 
1181 
15 75 
19 68 
12 60 
15 75 
30 71 
1102 
22 05 
7 87 
15 75 
39 37 
Ion strength 
mol/1 
0 
001 
0 05 
011 
0 16 
0 21 
0 26 
0 22 
0 27 
0 53 
0 35 
0 70 
0 22 
0 43 
1 17 
"SHO 
/m/h 
3 0 
4 1 
6 6 
10 9 
13 7 
14 7 
14 2 
16 9 
19 0 
19 6 
19 6 
32 7 
12 9 
21 1 
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All these cases do not show the strong growth retarding that has been 
found in growth expenments with pharmaceutical-grade lactose and with the 
lactose phosphates of the fractions A and B. Probably the adsorption in the 
cases (ι) to (iv) occurs with an other mechanism, in which the ions are of 
minor importance. From the cellobiose expenments is it clear that growth 
retarding only can be observed if the quantity of the extraneous molecules is 
of the same order as that of lactose. Growth retarding is here probably 
caused by the fact that during growth part of the growth sites is blocked by 
extraneous molecules and thus is unaccessible to lactose molecules. 
The influence of the lactose phosphates, of which small quantities give a 
considerable retarding, is a special case Pharmaceutical-grade lactose con­
tains about 60 ppm sugar-bound phosphate, thus about 270 ppm lactose 
phosphates, or about one lactose phosphate molecule in every 4000 lactose 
molecules. In growth experiments under standard conditions the retarding is, 
however, much stronger than that of a solution of non-ionic lactose, to 
which 10 g cellobiose per 41 5 g lactose hydrate was added, which corre­
sponds to one in every four lactose molecules. In the former case R,,,,, is re­
duced from 19.1 to about З/лп per hour, in the latter case from about 25 
to 13.1 μτη per hour. 
This strong action of the lactose phosphates must be due to their ionic 
character In Ref. (16) pK
a
 values of a number of sugar phosphates are 
given. Most of their first pK
a
 values are between 0 5 and 1 5, while the 
second pKj values are about 6. It can thus be expected that the lactose 
phosphates with not too low pH will be present as ions; probably an excep­
tion has to be made for those of fraction A. 
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We think that lactose phosphates are adsorbed in ionic form at those 
crystal faces where their glucose group can be integrated It was shown in 
Ref (33), Table 6 that at the (010) face only bonds can be formed with 
α-glucose moieties of solute molecules, while also at the (110) face these 
bonds are formed substantially The lactose phosphate molecules with their 
free glucose moieties are thus accepted preferably at these faces Probably 
the adsorbed ions would be dehydrated only to a small extent and, once in­
tegrated, they might hold a favourable position with the glucose moiety 
bound to the lattice and the large water jacket in the water phase In this 
way part of the surface could be covered with the hydrated ions, but repul­
sion forces would inhibit a total blocking The presence of such large ob­
stacles on the face would reduce the step velocity (Ref 32) and thus the 
growth rate Only by collisions with protons of the solution the adsorbed 
ions might be transformed into molecules, which would loose their water 
jacket and might be grown into the crystal 
This explanation is attractive because it is based on a direct reaction be­
tween the crystal and the retarding ions It is in accordance with the influ­
ence of the ion strength, because towards higher values both the hydration 
and the activity of the ions are lowered The proposed mechanism is, how­
ever, not quite in accordance with the relation between pH and growth rate 
of pharmaceutical-grade lactose, as was shown in Ref (1), Fig 3 One would 
expect towards lower pH a certain destabilization of the adsorbed ions and 
thus less growth retarding, but a reverse effect is present the growth rate 
decreases towards lower pH values 
Probably the model of the mechanism is not yet complete and other 
phenomena as for instance a certain blocking by lactose phosphate mole­
cules might be of importance A clearer statement can possibly be made if 
the charge of small lactose crystals in solutions of pharmaceutical-grade lac­
tose could be measured, a possibility would be electrophoresis 
Integration of lactose phosphates always occurs during crystal growth, also 
with small growth retarding An example is the crystallization of lactose 
from concentrated whey Due to the considerable salt concentration the pro­
cess is rather fast, but lactose phosphates are integrated in spite of that 
S Conclusions 
The growth retarder in lactose consists of lactose phosphates Pharmaceuti­
cal-grade lactose contains about 60 ppm sugar-bound phosphate, which 
corresponds to about 270 ppm lactose phosphates 
At least six isomeric phosphates were traced, the phosphate groups of 
which are bound only to the galactose moieties of the molecules No pri­
mary alcohol bound phosphates were observed, so probably three galacto-
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pyranosyl bound (2 ' , 3 ' and 4') and three galactofuranosyl bound (2 ' , 3 
and 5') phosphates are present. The systematic names of these compounds 
are. 
0-/ï-D-galactopyTanosyl 2-0-phosphate-( 1 -4)-D-glucopyranose, 
O-jß-D-galactopyranosyl 3-0-phosphate-( 1 -4)-D-glucopyranose, 
O-jff-D-galactopyranosyl 4-0-phosphate-(l-4)-D-glucopyranose, 
O-^D-galactofuranosyl 2-0-phosphate-(l-4)-D-glucopyranose, 
0-)S-D-galactofuranosyl 3-0-phosphate-(l-4)-D-glucopyranose and 
O-iff-D-galactofuranosyl 5-0-phosphate-( 1 -4)-D-glucopyranose 
It was the aim of this investigation to separate the lactose phosphate mix-
ture into its components, to check the growth retarding properties of these 
components and to identify those with a positive result But this is not yet 
possible with the available techniques 
The retarding action of lactose phosphates is caused by a combination of 
their structure relationship with lactose and their ionic character 
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SUMMARY 
In this thesis an investigation is published about the crystal growth of ar-lac-
tose hydrate. The growth can strongly be retarded by the presence of com­
pounds of which the molecule has a certain relationship to that of α-lactose 
in the growth medium. An example is /Mactose, as was shown bij Michaels 
& van Kreveld. Molecules of a- and ^lactose have the same ^-galactosyl 
group, by which the ^-lactose molecules are able to occupy growth sites 
destined for ¡z-lactose at the —b side of the crystal, so that growth there is 
inhibited. Because α-lactose hydrate crystals always grow in an environment 
where ^-lactose is also present, this growth retarding has always to be taken 
into account. 
The investigation into the influence of growth retarders requires measure­
ment of the growth of individual crystal faces; the microphotographie meth­
od applied by van Kreveld & Michaels is very suitable for that purpose. 
In the present investigation attention is paid to a number of aspects of 
crystallization and growth retarding. 
Chapter I is a general introduction. After a brief exposition of the history 
and the most important data of lactose a program of the investigation is 
given. 
It is shown in Chapter II that lactose contains a second, natural growth 
retarder, which is active at the +b side of the crystal. This substance has an 
acid character and can be eliminated from a lactose solution with ion ex­
changing. From the solution pure lactose can be crystallized afterwards. 
Chapter III describes the determination of the solubility of lactose in 
water in preparation to growth experiments. A formula is given for the 
supersaturation of lactose in aqueous solutions. 
Chapter Г describes growth experiments with monocrystals in solutions of 
pure lactose under various conditions of temperature and supersaturation. 
Growth with supersaturations up to 1.35 are in accordance with a spiral 
growth model; growth with high supersaturations can be described with a 
'birth and spread' model. Growth with not too high temperatures and super-
saturations is not diffusion-controlled. 
Chapter V gives a derivation of the morphology of the α-lactose hydrate 
crystal from the known crystal structure with three methods. Since the 
results strongly deviate from the real morphology, a modified method is em­
ployed, in which the influence of /Mactose on the growth rate is taken into 
consideration. The result of this method fits in much better with the reality. 
Chapter VI gives a survey of the experimental work about isolation and 
identification of the growth retarder mentioned in Section II. This substance 
has turned out to consist of a mixture of probably six lactose monophospha­
tes that cannot be separated with the available techniques. Since in these 
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Compounds the phosphate group is bound exclusively to the ^-galactosyl 
group, the growth retarding action at the +b side of the crystal can be well 
explained. The fact that these compounds are active already in very small 
concentrations is attributable to their ionic character. 
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SAMENVATTING 
In dit proefschnft wordt een onderzoek gepubliceerd over de groei van a-
lactosehydraatknstallen Deze groei kan sterk geremd worden door de aan­
wezigheid in het groeimedium van verbindingen waarvan het molekuul een 
zekere verwantschap heeft met dat van α-lactose Een voorbeeld hiervan is 
/J-lactose, zoals werd aangetoond door Michaels & Van Kreveld Molekülen 
van a- en /ï-lactose hebben dezelfde /i-galactosylgroep, waardoor /ï-lactose-
molekulen aan de —b zijde van het knstal de plaatsem bestemd voor or-
lactose kunnen bezetten, zodat daar de groei wordt belemmerd Omdat het 
milieu waann a-lactosehydraatknstallen groeien altijd /¿-lactose bevat, moet 
steeds rekening gehouden worden met deze groeiremming 
Het onderzoek naar de invloed van groeiremmers vereist de meting van 
de groei van de afzonderlijke knstal vlakken, hiervoor is de door Van Kre-
veld & Michaels toegepaste microscopisch-fotografische methode zeer 
geschikt 
In het hier beschreven onderzoek is ingegaan op een aantal aspecten van 
de knstallisatie en de groeiremming 
Hoofdstuk I vormt een algemene inleiding Na een beknopte uiteenzetting 
over de belangrijkste gegevens van lactose volgt het onderzoekprogramma 
In Hoofdstuk II wordt aangetoond dat lactose van nature nog een tweede 
groeiremmer bevat, die werkzaam is aan de -I-b zijde van het knstal Deze 
stof reageert zuur en is door lonenwissehng uit een lactose-oplossing te ver-
wijderen Uit deze oplossing kan daarna zuivere lactose worden gekristalli-
seerd 
Hoofdstuk III geeft de bepaling van de oplosbaarheid van lactose in water 
ter voorbereiding van de groeiproeven Ook wordt een formule gegeven 
voor de oververzadiging van lactose in watenge oplossingen 
Hoofdstuk IV beschrijft groeiproeven met eenkristallen in oplossingen van 
zuivere lactose bij verschillende temperaturen en oververzadigingen BIJ over-
verzadigingen tot ca 1 35 zijn de resultaten in overeenstemming met het spi-
raalgroeimodel, de groei bij hoge oververzadigingen kan worden beschreven 
met een 'birth and spread' model BIJ niet te hoge temperaturen en over-
verzadigingen wordt de groei niet door volumediffusie beïnvloed 
Hoofdstuk V geeft een afleiding van de morfologie uit de bekende knstal-
struktuur van a-lactosehydraat met drie methodes Het resultaat blijkt in het 
geheel niet te kloppen met de morfologie van de bekende lactoseknstallen 
Met een methode die rekening houdt met de invloed van /Hactose wordt 
een resultaat verkregen dat veel beter klopt met de werkelijkheid 
In Hoofdstuk VI wordt het experimentele werk beschreven over de iso-
lering en identificatie van de in Hoofdstuk II genoemde groetremmer Ge-
bleken is dat deze een mengsel is van waarschijnlijk zes lactosemonofosfaten, 
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die met de beschikbare technieken niet te scheiden zijn. Omdat bij al deze 
verbindingen de fosfaatgroep aan de ^-galactosylgroep gebonden is, is de 
remmende werking aan de +b zijde van het kristal goed te verklaren. Dat 
deze verbindingen al in kleine concentraties werkzaam zijn is toe te schrijven 
aan hun ionogene karakter. 
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CURRICULUM ГГАЕ 
De schrijver van dit proefschrift werd geboren op 4 oktober 1930 te Schie­
dam Hij doorliep daar de lagere Dr J Th de Visserschool en de Rijks 
H B S en studeerde scheikundige technologie aan de Technische Hogeschool 
te Delft Het afstuderen geschiedde onder leiding van Prof Dr Ir P M 
Heertjes op een onderwerp over de stofoverdracht bij de vorming en samen­
vloeiing van isobutanoldruppels in water 
Na het behalen van het ingenieursdiploma in 1958 trad hij in dienst bij 
Feldmuhle A G te Rorschach (Zwitserland), fabrikant van onder andere 
textielvezels, cellulosefohen en plakband De werkzaamheden omvatten ana­
lytisch, fysisch-chemisch en semi-technisch onderzoek aan natuurlijke en syn­
thetische polymeren en de bij de verwerking daarvan toe te passen hulpstof­
fen 
Sinds 1963 is hij werkzaam als fysisch-chemicus op het Researchlaborato-
num van de Coöperatieve Condensfabnek 'Friesland' te Leeuwarden Hier 
heeft hij tot op heden onderzoekingen vemcht op het gebied van vetten, 
mesomorfe systemen, lactose en eiwitten 
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STELLINGEN 
1. Oplossingen van zuivere lactose in water reageren neutraal. 
Dit proefschrift; hoofdstuk II. 
2. De "overoplosbaarheidskromme" van lactose in water heeft geen exacte fysische 
betekenis. 
A. Leighton Sc P.N. Peter, Proc. Worlds Dairy Congr. (1923) I, 477. 
К. Roetman, Diss. Wageningen (1982). 
3. Het omkristalliseren van farmaceutische lactose leidt tot een produkt dat niet 
aan de farmakopee voldoet. 
Dit proefschrift; hoofdstuk II. 
4. Hoewel dit niet expliciet daarin vermeld staat, bevestigen de publikaties van 
Beevers & Hanseri en van Fries et al de hypothese van Michaels & Van Kreveld 
over de positie van de glucose- en galactosegroepen in het kristal van a-lactose-
hydraat. 
CA. Beevers Sc H.N. Hansen, Acta Cryst B27 (1981) 1323. 
D.C. Fries, S.T. Tao «с M. Sundaralingam, Acta Cryst B27 (1971) 994. 
A.S. Michaels 8c A. van Kreveld, Neth. Milk Dairy J. 20 (1966) 163. 
5. Eiwitdenaturatie is een veelgebruikt doch slecht gedefinieerd begrip. 
6. Het gebruik van de benaming "lactose anhydraat" in plaats van watervrije of 
anhydratische lactose is onjuist. 
G.K. Bolhuis, Diss. Groningen (1978). 
7. Reclameteksten vormen een nimmer opdrogende bron van nieuwe germanismen. 
8. Het is opmerkelijk dat organisch-chemici die zich met lactose bezighouden niet 
refereren aan de uitgebreide zuivelliteratuur op dit gebied. 
G. de Wit, Diss. Delft (1979). 
J.A.W.M. Beenackers, Diss. Eindhoven (1980). 
9. Het voorschrift dat bij de vermelding van auteursnamen in een publikatie de man 
zijn initialen en de vrouw haar eerste voornaam met de initialen van de overige 
voornamen noemt, is uit de tijd. 
Advice to authors; J . Soc. Dairy Technol. 36 (1983) 92. 
10. Het naast elkaar bestaan van de Friese woorden "loft" en " lucht" voor het 
Nederlandse "lucht" is een gevolg van het in de taalwetenschap gedefinieerde 
Von Humboldt-principe. 
11. Het vermelden van de oplosbaarheid van θ-lactose als verschil tussen de totale 
oplosbaarheid van lactose en de oplosbaarheid van α-lactose is foutief. 
J . Kube, U. Dreissigfc B. Pritzwald-Stegemann, Gordian 77 (1977) 298. 
12. Het verdient aanbeveling de resultaten van komende volkstellingen niet na ver­
werking te vernietigen; toekomstige generaties genealogen zouden ons daar zeer 
dankbaar voor zijn. 
13. De uitkomsten van de viscositeitsmetingen door Hellemans et al van No — Ar 
mengsels vertonen naar afnemende molfraktie N2 een toenemende systematische 
afwijking van de berekende waarden. Het werk zou aan betekenis winnen indien 
een verklaring voor deze afwijking zou worden gegeven. 
J.M. Hellemans, J . Kestin &: S.T. Ro, J . Chem. Phys. 52 (1972) 4038. 
14. Het volume van de door Noordik et al gemeten eenheidscel van a-lactosehydraat 
is ruim l 0 / o kleiner dan dat gemeten door andere recente onderzoekers. Dit is 
toe te schrijven aan het feit dat Noordik et al de metingen met zuivere (non-
ionic) lactose uitvoerden. 
J.H. Noordik et al, to be published. 
Dit proefschrift, hoofdstuk II en V. 
15. Het eerste deel van de oude spreuk "Frisia non cantal, ratiocinatur", hoewel in 
zijn algemeenheid onjuist, wordt ondersteund door de meer recente uitspraak: 
"Een goede Fries is altijd verkouden". 


